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u l t r a f i l t e r e d  a n d  g u a n i d i n a t e d  BSA.
F i g u r e  7 . 6 .  Foam L i q u i d  S t a b i l i t y  ( FLS )  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  g u a n i d i n a t e d  BSA.
C h a p t e r  8
F i g u r e  8 . 1 .  pH T i t r a t i o n  c u r v e s  f o r  n a t i v e  a n d
b u t y l a t e d  BSA.
F i g u r e  8 . 2 .  pH T i t r a t i o n  c u r v e s  f o r  n a t i v e  a n d
p u t r e s c i n e  a d d e d  BSA.
p o l y l y s y l  BSA.
Figure 8.3. pH T i t r a t io n  curves for native and
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F i g u r e  8 . 4 .  Hy d r  o p  h o  b i  c  i  t  y r e s u l t s  f o r  BSA a n d  
b u t y l a t e d  BSA i n  t h e  n a t i v e  s t a t e .
F i g u r e  8 . 5 .  Hyd r  o p  h o  b i  c  i  t  y r e s u l t s  f o r  BSA a n d
p u t r e s c i n e  a d d e d  BSA i n  t h e  n a t i v e  s t a t e .
F i g u r e  8 . 6 . H y d r o p h o b i  c i  t y  r e s u l t s  f o r  BSA a n d
p o l y l y s y l - B S A  i n  t h e  n a t i v e  s t a t e .
F i g u r e  8 . 7 .  H y d r o p h o b i c i  t y  r e s u l t s  f o r  BSA a n d  
b u t y l a t e d  BSA i n  t h e  p r e s e n c e  o f  20mg l i t r e - 1  SDS.  
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p u t r e s c i n e  a d d e d  BSA i n  t h e  p r e s e n c e  o f  2 0 m g  l i t r e - 1  
SDS.
F i g u r e  8 . 9 .  Hyd  r  o p  h o  b i  c  i  t y  r e s u l t s  f o r  BSA a n d
p o l y l y s y l - B S A  i n  t h e  p r e s e n c e  o f  20mg l i t r e - 1  SDS.  
F i g u r e  8 . 1 0 .  Foam E x p a n s i o n  (FE)  r e s u l t s  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  b u t y l a t e d  BSA.
F i g u r e  8 . 1 1 .  Foam E x p a n s i o n  (FE)  r e s u l t s  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  p u t r e s c i n e  a d d e d  BSA.
F i g u r e  8 . 1 2 .  Foam E x p a n s i o n  (FE)  r e s u l t s  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  p o l y l y s y l - B S A .
F i g u r e  8 . 1 3 .  Foam L i q u i d  S t a b i l i t y  ( FLS)  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  b u t y l a t e d  BSA.
F i g u r e  8 . 1 4 .  Foam L i q u i d  S t a b i l i t y  ( FLS)  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  p u t r e s c i n e  a d d e d  BSA.
F i g u r e  8 . 1 5 .  Foam L i q u i d  S t a b i l i t y  ( FLS)  f o r  n a t i v e ,  
u l t r a f i l t e r e d  a n d  p o l y l y s y l - B S A .
C h a p t e r  9
F i g u r e  9 . 1 .  Foam e x p a n s i o n  (FE) r e s u l t s  f o r  n a t i v e ,  
s u c c i n y l a t e d  a n d  p o l y l y s y l - B S A  a n d  m i x t u r e s  
F i g u r e  9 . 2 .  Foam l i q u i d  s t a b i l i t y  (FLS) r e s u l t s  f o r
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t h i o l a t e d  and p o l y l y s y l - B S A  and  m i x t u r e s  
F i g u r e  9 . 4 .  Foam l i q u i d  s t a b i l i t y  (FLS) r e s u l t s  f o r  
n a t i v e ,  t h i o l a t e d  and p o l y l y s y l - B S A  and  m i x t u r e s
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I n t r o d u c t i o n
Chapter 1„
1. I n t r o d u c t i o n
1 . 1 . P r o t e i n  s t r u c t u r e
T h e  t h r e e  d i m e n s i o n a l  s t r u c t u r e  o r  c o n f o r m a t i o n  o f  a  
p r o t e i n  i s  g o v e r n e d  b y  i t s  c o n s t i t u e n t  a m i n o  a c i d s  ( T a b l e  
1 . 1 ) .
T a b l e  1 . 1 .  A m i n o  a c i d s  c a t e g o r i s e d  b y  t h e  n a t u r e  o f  t h e  s i d e  
g r o u p
Ami no  a c i dS i d e  g r o u p  
S i m p l e  a n d  a l i p h a t i c
A c i d i c
B a s i c
H y d  r  o x y 1 
C y c l i c  i  m i  n o  
A m i d e
S u l p h u r  c o n t a i n i n g  
A r o m a t  i c
g l y c i n e  ( G L Y ) ,  a l a n i n e  ( A L A )  
v a l i n e  ( V A L ) ,  l e u c i n e  ( L E U ) ,  
i  s o l e u c i  n e  ( I L  E U ) .  
a s p a r t i c  a c i d  ( A S P ) ,  
g l u t a m i c  a c i d  ( G L U ) .  
l y s i n e  ( L Y S ) ,  h i s t i d i n e  ( H I S ) ,  
a r g i n i n e  ( A R G ) .  
s e r i n e  ( S E R ) , t h r e o n i n e  ( T H R ) .  
p r o l i n e  ( P R O ) .
a s p a r a g i n e  ( A S N ) ,  g l u t a m i n e  ( G L N )  
m e t h i o n i n e  ( M E T ) ,  
c y s t e i n e ,  c y s t i n e  ( C Y S ) .  
p h e n y l a l a n i n e  ( P H E ) ,  t r y p t o p h a n  
( T R P )
T h e  s t r u c t u r e s  a d o p t e d  b y  c h a i n s  o f  a m i n o  a c i d s  t a k e  
o n  3  f o r m s  n a m e l y  c t - h e l i x ,  B - s h e e t  a n d  r a n d o m  c o i l .  T h e s e  
s e c o n d a r y  s t r u c t u r e s  a r e  s t a b i l i z e d  b y  h y d r o g e n  b o n d s .  I n  
t h e  a - h e l i x  a m i n o  a c i d s  a r e  c o i l e d  a n d  t h e  r e s u l t a n t  
p o l y p e p t i d e  c h a i n  f o r m s  a  h e l i c a l  b a c k b o n e  o f  t h e  p e p t i d e  
l i n k s ,  w i t h  t h e  a m i n o  a c i d  s i d e  c h a i n s  e x t e n d i n g  o u t w a r d s .
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T h e  s t r u c t u r e  i s  m a d e  u p  o f  3 . 6  a m i n o  a c i d s  p e r  t u r n  o f  t h e  
h e l i x  ( P e t e r s ,  1 9 7 7 ) .  I n  a q u e o u s  m e d i a ,  v a n  d e r  W a a l  s '  
f o r c e s  a n d  h y d r o p h o b i c  i n t e r a c t i o n s  b e t w e e n  a d j a c e n t  s i d e  
c h a i n s  s t a b i l i s e  t h e  h e l i x .  T h e  p a r t i c u l a r  s e q u e n c e  o f  
a m i n o  a c i d s  a n d  t h e  n a t u r e  o f  t h e  s i d e  c h a i n s  m a y  m a k e  t h e  
f o r m a t i o n  o f  a n  a - h e l i x  s t r u c t u r a l l y  i m p o s s i b l e .  T h e  f i v e  
m e m b e r e d  p y r r o l i d i n e  r i n g  o f  p r o l i n e ,  f o r  e x a m p l e ,  p r e v e n t s  
f r e e  r o t a t i o n  a n d  c a n n o t  t a k e  p a r t  i n  a n  a - h e l i x .  g - p l e a t e d  
s h e e t  r e g i o n s  a r e  f o r m e d  w h e r e  t h e  p r o t e i n s  f o l d  a n d  
h y d r o g e n  b o n d s  s t a b i l i s e  a d j a c e n t  p o l y p e p t i d e  c h a i n s  i n  
p a r a l l e l .  O n l y  i n  r a r e  c a s e s  d o  p r o t e i n s  p o s s e s s  j u s t  o n e  
t y p e  o f  s t r u c t u r e  e g .  m y o s i n ,  f i b r i n o g e n  a n d  c o l l a g e n .  M o s t  
e x a m p l e s  c o m p r i s e  p o l y p e p t i d e  s e g m e n t s  o f  a l p h a - h e l i x  o r  g -  
s h e e t  j o i n e d  b y  s t r e t c h e s  o f  a m i n o  a c i d s  i n  a  r a n d o m  c o i l  
f o r m a t i o n .  S o m e  p r o t e i n s  a r e  l o o s e l y  f o l d e d  a n d  c o v a l e n t  
d i  s u l p h i d e  b o n d s  s t a b i l i s e  t h e  t e r t i a r y  s t r u c t u r e .
A n  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  o f  a  p r o t e i n  u s e d  i n  
t h e  e l u c i d a t i o n  o f  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  i s  
e s s e n t i a l .  I t  i s  t h e r e f o r e  a d v i s a b l e  t o  u s e  a  w e l l  
c h a r a c t e r i s e d  a n d  s e q u e n c e d  p r o t e i n  w i t h  a  g o o d  
u n d e r s t a n d i n g  o f  i t s  t e r t i a r y  s t r u c t u r e  a n d  j _ n  v i v o  r  o l  e  s .  
B o v i n e  s e r u m  a l b u m i n  ( B S A )  i s  d e s c r i b e d  b y  P e t e r s  ( 1 9 7 7 )  a s  
" t h e  p r o t e i n  u s e d  b y  t h e  p r o t e i n  c h e m i s t  a s  a  m o d e l  f o r  
a l m o s t  e v e r y  c h e m i c a l  r e a c t i o n  o r  p h y s i c a l  m e a s u r e m e n t  
a t t e m p t e d  w i t h  p r o t e i n s ,  a n d  b y  t h e  i  m m u  n o c h  e m i  s t  a s  a  m o d e l  
a n t i g e n  a n d  a s  a  c a r r i e r  f o r  h a p t e n i c  m o l e c u l e s " .  B S A  i s  
a l s o  t h e  U . S .  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  r e f e r e n c e  p r o t e i n  
f o r  p r o t e i n  a s s a y s .
1 . 2 .  The  u l t f l i s a t i o n  o f  BSA i n  f o o d
A n  e c o n o m i c a l  s o u r c e  o f  B S A ,  f o r  u s e  i n  f o o d  
p r o d u c t s ,  i s  f r o m  a  b y - p r o d u c t  o f  t h e  m e a t  i n d u s t r y ,  n a m e l y  
b l o o d .  B l o o d  p l a s m a  i s  w i d e l y  u s e d  i n  c o m m i n u t e d  m e a t  
p r o d u c t s  ( B r i g h t  a n d  R a n k e n ,  1 9 7 7 ) .  N o v e l  u s e s  f o r  b o v i n e  
p l a s m a  i n c l u d e  t e x t u r i s a t i o n  b y  s p i n n i n g  i n t o  f i b r e s  ( Y o u n g  
a n d  L a w r i e ,  1 9  7 4 )  a n d  a s  a n  e g g  s u b s i t u t e  i n  b a k e r y  p r o d u c t s  
( S h e n s t o n e ,  1 9 5 3 ) .  C o m m e r c i a l l y  d r i e d  p l a s m a ,  h o w e v e r ,  
a c q u i r e s  a  f i s h y  f l a v o u r  o n  s t o r a g e  a n d  t h u s  f u r t h e r  
p u r i f i c a t i o n  t o  B S A  m a y  b e  p r e f e r a b l e  ( H o w e l l  a n d  L a w r i e ,  
1 9 8 3 )  .
1 . 3 .  T h e  s t r u c t u r e  o f  B S A
T h e  p a t t e r n  o f  t h e  a m i n o  a c i d  s e q u e n c e  o f  a l b u m i n  
s u g g e s t s  t h a t  e v o l u t i o n  r e s u l t e d  i n  3  m a j o r  r e p e a t  u n i t s  o r  
d o m a i n s  r e s t r i c t e d  b y  d i s u l p h i d e  b o n d s  a n d  t h e  l o c a t i o n  o f  
p r o l i n e  r e s i d u e s  ( M c L a c h l a n  a n d  W a l k e r ,  1 9 7 7 ) .  T h e  B S A  
m o l e c u l e  i s  a  m i x t u r e  o f  a - h e l i x  a n d  3 - s h e e t  a n d  i s  
s t a b i l i s e d  b y  1 7  d i s u l p h i d e  b o n d s  m a i n t a i n i n g  a  c o m p l e x  
s t r u c t u r e .  T h e  c o m p l e t e  a m i n o  a c i d  s e q u e n c e  w a s  e l u c i d a t e d  
b y  B r o w n  i n  1 9 7 5  a n d  i s  s h o w n  i n  f i g u r e d . ! .
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Figure 1.1. The structure of bovine serum albumin
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T h e  o v e r a l l  t h r e e  d i m e n s i o n a l  c o n f o r m a t i o n  o f  B S A  
r e s e m b l e s  t h r e e  d i s c s  c o n n e c t e d  b y  d i s u l p h i d e  b o n d s  w i t h  2  
c l e f t s  i n  b e t w e e n .  P r e d i c t i o n s  m a d e  u s i n g  t h e  r e s u l t s  o f  
c i r c u l a r  d i c h r o i s m  ( C D )  s u g g e s t  t h a t  t h e  l o n g  l o o p s  t e n d  t o  
b e  i n  a n  a - h e l i x  f o r m a t i o n  b u t  t h a t  t h i s  c a n n o t  c o n t i n u e  
m o r e  t h a n  2  r e s i d u e s  b e y o n d  t h e  C Y S - C Y S  b o n d  i n t o  t h e  t i g h t  
l o o p s .  L o w  a n g l e  X - r a y  s t u d i e s  p r e d i c t  a n  o v e r a l l  s t r u c t u r e
o
o f  t h r e e  s p h e r e s ,  t h e  t w o  o u t e r  s p h e r e s  b e i n g  3 8  A n g s t r o m s  
i n  d i a m e t e r  a n d  t h e  m i d d l e  s p h e r e  o f  5 3  A n g s t r o m s  
( B l o o m f i e l d ,  1 9 6 6 )  a s  s h o w n  i n  f i g  1 . 2 .
F i g  1 . 2 .  A s i m p l i s t i c  d i a g r a m m a t i c a l  r e p r e s e n t a t i o n  o f  t h e  
c o n f o r m a t i o n  o f  B S A  ( B l o o m f i e l d ,  1 9 6 6 )
T h e  m o l e c u l e  i s  s y m m e t r i c a l  i n  s t r u c t u r e  b u t  
a s y m m e t r i c a l  i n  c h a r g e .  T h e r e  i s  a  d e c r e a s e  i n  t y r o s i n e  
r e s i d u e s  f r o m  d o m a i n  I t o  I I I  a n d  t h e r e  a r e  f e w e r  a c i d  
g r o u p s  i n  d o m a i n  I I I  s o  t h a t  t h e  a m i n o  t e r m i n a l  p o r t i o n  i s  
l e s s  n e g a t i v e  t h a n  t h e  a c i d  t e r m i n a l  p o r t i o n  ( P e t e r s ,  1 9  7 7 ) .
A w e l l  k n o w n  f e a t u r e  o f  a l b u m i n  i s  i t s  f l e x i b i l i t y  a n d  
s t a b i l i t y  u n d e r  c o n d i t i o n s  t h a t  w o u l d  d e n a t u r e  o t h e r  
p r o t e i n s .  E x p a n s i o n  o c c u r s  i n  t h e  p r e s e n c e  o f  a c i d ,  b a s e  
a n d  d e n a t u r a n t s  a n d  i s  a c c o m m o d a t e d  b y  t h e  l o o p  s t r u c t u r e  
w h i c h  i s  s t a b i l i s e d  b y  t h e  d i s u l p h i d e  b o n d s  ( F o s t e r  a n d  
A o k i ,  1 9 5 8 ) .  T h e  e x p a n s i o n  o f  t h e  B S A  m o l e c u l e  t h a t  o c c u r s  
d u r i n g  c h a n g e s  i n  p H  i s  r e f e r r e d  t o  a s  i s o m e r i s m .
1 . 3 . 1 .  BSA i s o m e r i  sm
A t  d i f f e r e n t  p H  v a l u e s  B S A  t a k e s  t h e  f o r m  o f  5  
d i f f e r e n t  i s o m e r s  a s  s h o w n  i n  t h e  d i a g r a m  b e l o w :
e x p a n d  e d f ^  1 F j  ^  [ N j B I
p H  1 - ..........................3 ----------------------- 5 ------------------------ 7 ------------------------ 9 -------------------------1 1
T h e  n o r m a l  o r  N f o r m  p r e d o m i n a t e s  a t  p H 5 - 7 .  B e l o w  p H  
4  a p p e a r s  a n  F o r  f a s t e r  m i g r a t i n g  f o r m  w h i c h  i s  s o m e w h a t  
e x p a n d e d .  B e l o w  p H 3  t h e  m o l e c u l e  e x p a n d s  f u r t h e r  t o  e x p o s e  
m o s t  t y r o s i n e  a n d  h y d r o p h i l i c  r e s i d u e s  t o  t h e  s o l v e n t .  N e a r  
p H 8  p a r t i c u l a r l y  i n  t h e  p r e s e n c e  o f  c a l c i u m  i o n s ,  a  
d i f f e r e n t  e x p a n s i o n  o c c u r s  w i t h  i n c r e a s e d  a c c e s s i b i l i t y  o f  
h y d r o g e n  a t o m s  f o r  e x c h a n g e ,  i n c r e a s e d  r e a c t i v i t y  o f  t h e  
t h i o l  g r o u p  a n d  s l i g h t  l o s s  o f  h e l i x .  T h i s  r e s u l t s  i n  t h e  B 
f o r m .  A b o v e  p H  8  t h e r e  i s  a  s l o w  t r a n s f o r m a t i o n  t o  t h e  A 
f o r m  w h i c h  i s  e l e c t r o p h o r e t i c a l l y  s l o w e r  a n d  h a s  a  p i  o f  
5 . 4 5  c o m p a r e d  t o  t h e  f a s t e r  m i g r a t i n g  N f o r m  w i t h  a  p i  o f  
5 . 2 4 .  D i s u l p h i d e  b o n d  r e a r r a n g e m e n t  i s  i n v o l v e d  s i n c e  t h e  
c h a n g e  t o  f o r m  A i s  i n c r e a s e d  b y  t h e  p r e s e n c e  o f  t h i o l  
c o m p o u n d s .  A b o v e  p H  1 0  t h e  f o r m a t i o n  o f  t h e  A i s o m e r  i s  
i r r e v e r s i b l e  ( N i k k e i  a n d  F o s t e r ,  1 9 7 1 ) .
1 . 4 .  C o m p u t e r  M o d e l l i n g
T h e  w h o l e  B S A  m o l e c u l e  i s  t o o  l a r g e  t o  m o d e l  i n  a  
c o n v e n i e n t  t i m e  a n d  t h e r e f o r e  o n e  l o o p  c o r r e s p o n d i n g  t o  l o o p  
1 C  w a s  e x a m i n e d .  T h e  b a c k b o n e  o f  t h i s  s e c t i o n  i s  s h o w n  i n  
p l a t e  1 a n d  i n d i c a t e s  t h e  2  s e c t i o n s  o f  a l p h a - h e l i x  j o i n e d  
b y  a  s e c t i o n  o f  r a n d o m  c o i l .  T h e  n a t u r e  o f  t h e  a m i n o  a c i d s  
i n  t h i s  l o o p  a r e  s h o w n  b y  c o l o u r  c o d i n g  i n  p l a t e  2 .  T h e  
c o d i n g  i s  s h o w n  b e l o w :
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Colour Ami no a c i d
R e d  A c i d  a m i n o  a c i d s  ( g l u t a m i c  a n d  a s p a r t i c )
G r e e n  A m i n o  a c i d s  w i t h  h y d r o x y l  s i d e  c h a i n s
Y e l l o w  H y d r o p h o b i c  a m i n o  a c i d s
D a r k  b l u e  L y s i n e
L i g h t  b l u e  A r g i n i n e  a n d  h i s t i d i n e
M a u v e  P r o l i n e .
P l a t e  3  s h o w s  a  s p a c e f i l l i n g  m o d e l  o f  t h e  s a m e  l o o p
P l a t e  1.  C o m p u t e r  m o d e l l e d  s e c t i o n  o f  BSA s h o w i n g  t h e  
b a c k b o n e  o f  t h e  m o l e c u l e .
P l a t e  2 .  C o m p u t e r  m o d e l l e d  s e c t i o n  o f  B S A  s h o w i n g  t h e  n a t u r e  
o f  a m i n o  a c i d s
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P l a t e  3 .  C o m p u t e r  m o d e l l e d  s p a c e - f i l l i n g  m o d e l  o f  a  s e c t i o n  
o f  B S A .
1 . 5 .  T h e  i n  v i v o  r o l e s  o f  BSA
B S A  i s  a n  e x t r e m e l y  v e r s a t i l e  p r o t e i n ,  b e i n g  t h e  m a j o r  
e x t r a c e l l u l a r  c i r c u l a t i n g  p r o t e i n  a n d  t h e  " u n i v e r s a l  
c a r r i e r "  a r o u n d  t h e  b o d y .  B S A  t r a n s p o r t s  m a n y  m o l e c u l e s  
e s p e c i a l l y  l o n g  c h a i n  f a t t y  a c i d s ,  p r o s t a g l a n d i n s ,  t o x i n s  
a n d  b i l i r u b i n .  T h e  l o o p e d  s t r u c t u r e  h a s  a  h y d r o p h o b i c  
c l e f t  i n t o  w h i c h  t h e  h y d r o c a r b o n  c h a i n  o f  t h e  f a t t y  a c i d  
m o l e c u l e  i n s e r t s ,  w h i l e  a  r e g i o n  o f  p o s i t i v e  c h a r g e  a t  t h e  
s u r f a c e  o f  t h e  m o l e c u l e  a t t r a c t s  t h e  c a r b o x y l a t e  g r o u p .  I t  
i s  i n  t h i s  f o r m  t h a t  B S A  i s  n o r m a l l y  p r e s e n t  i n  p l a s m a  a s  
t h e  f a t t y  a c i d  s t a b i l i s e s  t h e  m o l e c u l e .
T h e  t h i o l  g r o u p  i s  a l s o  a  p o i n t  o f  a t t a c h m e n t  f o r  i t  
f o r m s  m i x e d  d i s u l p h i d e s  w i t h  c y s t e i n e  a n d  r e d u c e d  
g l u t a t h i o n e  ( E d w a r d s ,  1 9 6 9 ) .  T h i s  r o l e  i s  e s s e n t i a l  t o  l i f e  
s i n c e  c y s t e i n e  i s  i n s o l u b l e  a t  t h e  n o r m a l  p H  o f  p l a s m a .  T h e  
b i n d i n g  o f  c a l c i u m  i o n s  b y  B S A  i s  n o n s p e c i f i c  b u t  i t  a f f e c t s  
s e c o n d a r y  s t r u c t u r e  n e a r  t h e  N t e r m i n a l  r e g i o n  ( H i l a k  e t  
a l  .  ,  1 9  7 4 ) .
B e f o r e  p r o c e e d i n g  t o  t h e  d i s c u s s i o n  o f  t h e  f u n c t i o n a l  
p r o p e r t i e s  o f  B S A  i n  p a r t i c u l a r  i t  s e e m s  a p p r o p r i a t e  t o  
d i s c u s s  f u n c t i o n a l  p r o p e r t i e s  o f  p r o t e i n s  i n  f o o d  i n  
g e n e r a l .
1 . 6 .  F u n c t i o n a l  P r o p e r t i e s
T h e  f u n c t i o n a l  p r o p e r t i e s  o f  p r o t e i n s  a r e  d e f i n e d  a s  
t h e  a b i l i t y  t o  p e r f o r m  a  n u m b e r  o f  r o l e s  i n  a  f o o d  p r o d u c t .  
T h e  f u n c t i o n a l  p r o p e r t i e s  r e q u i r e d  o f  a  p r o t e i n  a r e
d e t e r m i n e d  b y  t h e  p a r t i c u l a r  f o o d  s y s t e m  i n  q u e s t i o n .  F o r  
e x a m p l e ,  i n  a  m e a t  s y s t e m ,  w a t e r  b i n d i n g ,  s o l u b i l i t y ,  
f l a v o u r  b i n d i n g ,  v i s c o s i t y  a n d  g e l a t i o n  a r e  r e q u i r e d  
( K i n s e l l a ,  1 9 7 6 ) .  I d e a l l y  p r o t e i n  i n g r e d i e n t s  s h o u l d  
p o s s e s s  a  b r o a d  a r r a y  o f  f u n c t i o n a l  p r o p e r t i e s ,  b u t  i n  
p r a c t i c e  o n l y  a  f e w  t y p e s  o f  p r o t e i n  m e e t  t h e s e  c r i t e r i a .  
E g g  p r o t e i n s  a r e  e x t r e m e l y  v e r s a t i l e  w i t h  g o o d  f o a m i n g ,  
e m u l  s  i  f  i  c a t  i  o  n a n d  g e l a t i o n  p r o p e r t i e s .  A b r i e f  d e s c r i p t i o n  
o f  t h e  m e c h a n i s m s  b y  w h i c h  g e l s ,  e m u l s i o n s  a n d  f o a m s  a r e  
f o r m e d  w i l l  a l l o w  a  m o r e  d e t a i l e d  l o o k  i n t o  t h e  s t r u c t u r e s  
o f  t h e  p r o t e i n  w h i c h  a r e  c o n s i d e r e d  t o  b e  i n v o l v e d .
1 . 6 . 1 .  E m u l s i o n s  a n d  F o a m s
E m u l s i o n s  a n d  f o a m s  a r e  d e f i n e d  a s  d i s p e r s i o n s  o f  o i l ,  
w a t e r  o r  a i r  i n  a  s e c o n d  i m m i s c i b l e  f l u i d  a n d  a r e  r e f e r r e d  
t o  c o l l e c t i v e l y  a s  c o l l o i d s .
T h e  f o r m a t i o n  o f  a n  e m u l s i o n  o r  a  f o a m  o c c u r s  i n  
t h r e e  p h a s e s  ( C u m p e r  a n d  A l e x a n d e r ,  1 9 5 0 )  n a m e l y  a d s o r p t i o n ,  
d e n a t u r a t i o n  a n d  c o a g u l a t i o n .  E a c h  s t e p  r e q u i  r e s  a n  i n i t i a l  
e n e r g y  i n p u t  o r  a c t i v a t i o n  e n e r g y  w h i c h  o n c e  o v e r c o m e ,  
r e s u l t s  i n  a  m o r e  s t a b l e  s t a t e  ( i . e .  l o w e r i n g  t h e  
i n t e r f a c i a l  e n e r g y ) .  A s i n g l e  m o l e c u l e  a t  a n  i n t e r f a c e ,  i f  
s u f f i c i e n t l y  f l e x i b l e ,  c a n  a d o p t  a  l a r g e  n u m b e r  o f  
c o n f i g u r a t i o n s .  L o o p s  a n d  t a i l s  o f  t h e  p r o t e i n ,  d e p e n d e n t  
u p o n  t h e  c o m p o s i t i o n ,  p r o t r u d e  i n t o  b o t h  p h a s e s  ( F i g  1 . 3 . ) .
F i g u r e  1 . 3 .  P r o t e i n  c o n f o r m a t i o n a l  c h a n g e s  a t  a n  i n t e r f a c e
A s  m o r e  a n d  m o r e  m o l e c u l e s  a r e  a d s o r b e d ,  l a t e r a l  
i n t e r a c t i o n s  b e t w e e n  t h e m  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t .  
M o l e c u l e s  a l r e a d y  a d s o r b e d  h a v e  a n  i n h i b i t i n g  e f f e c t  o n  
f u r t h e r  a d s o r p t i o n .  A p a r t  f r o m  t h e  s t e r i c  e f f e c t  o f  t h e  
m o l e c u l e  t h e r e  i s  a n  e l e c t r i c a l  b a r r i e r ,  w h e r e  l i k e - c h a r g e d  
m o l e c u l e s  r e p e l ,  u n l e s s  t h e  s y s t e m  i s  v e r y  c l o s e  t o  t h e  
i  s o  e l  e c t  r i  c  p o i n t .
T h r e e  t h e o r i e s  a r e  u s e d  t o  p r e d i c t  c o l l i o d  s t a b i l i t y  
n a m e l y  e l e c t r o s t a t i c  s t a b i l i s a t i o n  o r  t h e  D e r j a g u i n ,  L a n d a u ,  
V e r v e y  a n d  O v e r b e e k  ( D V L O )  t h e o r y ,  s t e r i c  a n d  p a r t i c l e  
s t a b i l i s a t i o n .  T h e  u s e  o f  e a c h  d e p e n d s ,  t o  s o m e  e x t e n t ,  o n  
t h e  t y p e  o f  c o l l o i d  i n v o l v e d .
A c c o r d i n g  t o  t h e  D V L O  t h e o r y  t h e  s t a b i l i t y  o f  a  c o l l o i d  
i s  p r o p o r t i o n a l  t o  t h e  p a r t i c l e  d i a m e t e r  a n d  t o  t h e  d i s t a n c e  
s e p a r a t i n g  t h e  p a r t i c l e s  i n  t h e  p r e s e n c e  o f  i o n s .  A l t h o u g h  
t h i s  t h e o r y  e x p l a i n s  w e l l  t h e  s t a b i l i t y  o f  s i m p l e  e m u l s i o n s ,  
e r r o r s  o c c u r  i n  p r e d i c t i n g  t h e  p e r f o r m a n c e  o f  p r o t e i n s  i n  
c o m p l e x  f o o d  e m u l s i o n s  ( F r i b e r g ,  1 9 7 6 ) .  P r o t e i n s  a r e  i o n i c  
b u t  c a n  m a s k  a n d  s t a b i l i s e  i o n s  i n  a  b u f f e r i n g  a c t i o n  s o  t h a t  
t h e  e m u l s i o n  i s  n o t  s t a b i l i s e d  p u r e l y  e l e c t r o s t a t i c a l l y .  
S e c o n d l y ,  s t e r i c  s t a b i l i s a t i o n  t h e o r y  i n v o l v e s  t h e  u s e  o f  
m a c r o m o l e c u l e s  a s  s t a b i l i s e r s  e g .  w h e n  t w o  p a r t i c l e s  
a p p r o a c h ,  t h e  a d s o r b e d  m a c r o m o l e c u l e s  s t a b i l i s e  t h e  c o l l o i d
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b y  o v e r l a p p i n g  a n d  i n t e r a c t i n g .  T h i s  w a s  e x a m i n e d  b y  
W a l s t r a  a n d  c o - w o r k e r s  ( 1 9 8 7 )  m a i n l y  i n  t h e  a g g r e g a t i o n  o f  
c a s e i n - s t a b i l i s e d  e m u l s i o n s .  T h i r d l y ,  p a r t i c l e  
s t a b i l i s a t i o n  i s  m a i n l y  u s e d  t o  e x p l a i n  t h e  s t a b i l i s a t i o n  o f  
w h i p p e d  c r e a m  w h e n  f a t  g l o b u l e s  a t  t h e  i n t e r f a c e  f o r m  a  
p r o t e c t i v e  l a y e r  a n d  p r e v e n t  b u b b l e  c o a l e s c e n c e .
1 . 6 . 2 .  E m u l s i o n  a n d  f o a m i n g  p r o p e r t i e s  o f  B S A
B S A  i s  h i g h l y  h y d r o p h o b i c  w h i c h  p r e d i s p o s e s  i t  t o  
e m u l s i f y  a n d  f o a m  w e l l .  S t u d i e s  b y  H a g u e  a n d  K i n s e l l a  
( 1 9 8 8 )  l e d  t h e m  t o  c o n c l u d e  t h a t  t h e  n a t i v e  s t r u c t u r e  a n d  
f l e x i b i l i t y  o f  t h e  m o l e c u l e  a r e  r e q u i r e d  f o r  o p t i m u m  
e m u l s i f y i n g  p r o p e r t i e s .  I n  t h e i r  s t u d i e s  t h e  p e r f o r m a n c e  a t  
t h e  i n t e r f a c e  w a s  a f f e c t e d  b y  p H ,  a s  t h e  e n e r g y  r e q u i r e d  t o  
f o r m  a n  e m u l s i o n  w a s  m i n i m i s e d  a t  p H  5 - 7  i . e .  w h e n  t h e  
p r o t e i n  w a s  i n  t h e  N i s o m e r i c  f o r m .  A t  p H  8  s o m e  c l e a v a g e  
o f  S - S  b o n d s  o r  t h i o l / d i  s u l p h i d e  i n t e r c h a n g e  m a y  h a v e  
o c c u r r e d  s o  t h a t  a  s u d d e n  c h a n g e  i n  e m u l s i o n  a c t i v i t y  w a s  
s h o w n  ( H a g u e  a n d  K i n s e l l a ,  1 9 8 8 ) .  E m u l s i o n  s t a b i l i t y  w a s  
h i g h e s t  a t  p H  4  w h e n  t h e  m o l e c u l e  w a s  c l o s e  t o  t h e  
i s o e l e c t r i c  p o i n t  a n d  i n  a  p a r t i a l l y  u n f o l d e d  c o n f o r m a t i o n .  
A s s u m i n g  t h a t  t h e  B S A  m o l e c u l e s  s t i l l  r e t a i n  a  g l o b u l a r  
s t r u c t u r e  a t  t h e  i n t e r f a c e  H a g u e  a n d  K i n s e l l a  ( 1 9 8 8 )  
s u g g e s t e d  t h a t  t h e  i n t e r f a c e  w a s  a p p r o x i m a t e l y  1 6 6  A n g s t r o m s  
t h i c k  i n  a n  e m u l s i o n  w i t h  a  m e a n  d i s p e r s e d  p h a s e  g l o b u l e  
d i a m e t e r  o f  2 - 3  m i c r o n s .
H e r r i n g t o n  a n d  S a h i  ( 1 9 8 7 )  r e v i e w e d  t h e  b e h a v i o u r  o f  
B S A  a t  t h e  a i r / w a t e r  i n t e r f a c e  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  
d e s o r p t i o n  i s o t h e r m s .  T a y l o r  ( 1 9 8 8 )  s h o w e d  t h a t  B S A  a n d  
b l o o d  p l a s m a  f o a m e d  p o o r l y  c o m p a r e d  t o  e g g  p r o t e i n s .
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1 . 6 . 3 .  G e l a t i o n
G e l a t i o n  i s  d e f i n e d  a s  t h e  a b i l i t y  o f  a  p r o t e i n  t o  f o r m  a  g e l  
a n d  p r o v i d e  a  s t r u c t u r a l  m a t r i x  f o r  h o l d i n g  w a t e r ,  f l a v o u r s  
a n d  o t h e r  f o o d  i n g r e d i e n t s  ( K i n s e l l a ,  1 9 7 6 ) .  T h e  p h e n o m e n o n  
o f  g e l l i n g  u s u a l l y  r e q u i r e s  p r i o r  h e a t i n g  o f  t h e  p r o t e i n  t o  
c a u s e  p a r t i a l  d e n a t u r a t i o n  o r  u n f o l d i n g  o f  t h e  p o l y p e p t i d e  
c h a i n s  t o  p e r m i t  s u s e q u e n t  f o r m a t i o n  o f  a  3 D  n e t w o r k  o f  
i n t e r t w i n e d ,  p a r t i a l l y  a s s o c i a t e d  c h a i n s  i n  w h i c h  w a t e r  i s  
e n t r a p p e d .  G e l a t i n  f o r m s  g e l s  o n  c o o l i n g  a n d  t h e  m e c h a n i s m  
b y  w h i c h  i t  a s s o c i a t e s  i s  d i f f e r e n t  f r o m  t h a t  o f  g l o b u l a r  
p r o t e i n s .  T h e  m e c h a n i s m  i n v o l v e d  i n  t h e  g e l l i n g  o f  g l o b u l a r  
p r o t e i n s  i s  d i s c u s s e d .
W e l l - e s t a b l i s h e d  t h e o r i e s  o f  g e l a t i o n  ( F l o r y ,  1 9 4 1 ;  
S t o c k m a y e r ,  1 9 4 3 ;  G o r d o n ,  1 9 6 2  a n d  G o r d o n  a n d  R o s s - M u r p h y ,  
1 9  7 5 )  i n d i c a t e  t h a t ,  i n  t h e o r y ,  p r o v i d i n g  t h e r e  a r e  a t  l e a s t  
t w o  a t t a c h m e n t  s i t e s  p e r  m o l e c u l e ,  a  c o n t i n u o u s  n e t w o r k  w i l l  
f o r m  w h e n  e n o u g h  o f  t h e  s i t e s  p r e s e n t  a r e  u s e d  i n  b o n d  
f o r m a t i o n .  B e z r u k o v  ( 1 9 7 9 ) ,  c o n c l u d e d  t h a t  c r o s s - 1  i n k i n g  o f  
p r o t e i n  m o l e c u l e s  u s u a l l y  i n v o l v e s  o n e  o r  m o r e  o f  t h e  
f o l l o w i n g  f o u r  b a s i c  m e c h a n i s m s :
a )  c o v a l e n t  i n t e r a c t i o n s  o f  f u n c t i o n a l  g r o u p s ;
b )  c r o s s - l i n k i n g  v i a  p o l y f u n c t i o n a l  a g e n t s  s u c h  a s  m e t a l  
i o n s ;
c )  s e l e c t i o n  o f  p h y s i c o c h e m i c a l  c o n d i t i o n s  f o r  l i m i t e d  
s o l u b i l i t y  i n  a  s y s t e m ;
d )  c h e m i c a l  m o d i f i c a t i o n  w h i c h  r e s u l t s  i n  l i m i t e d  
s o l u b i l i t y .
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S i n c e  m u c h  o f  t h e  w o r k  i n  t h e  e l u c i d a t i o n  o f  t h e  
m e c h a n i s m s  o f  g e l a t i o n  h a s  b e e n  c a r r i e d  o u t  u s i n g  B S A  t h i s  
a s p e c t  w i l l  b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
1 . 6 . 4 .  G e l a t i o n  p r o p e r t i e s  o f  B S A
A c o m m o n  a p p r o a c h  u s e d  t o  i n v e s t i g a t e  t h e  n a t u r e  o f  
b o n d s  i n  p r o t e i n  g e l s  h a s  b e e n  t o  e i t h e r  f o r m  o r  s o l u b i l i s e  
a  g e l  i n  a  s o l v e n t  n o t e d  f o r  i t s  a b i l i t y  t o  a t t a c k  
p a r t i c u l a r  l i n k a g e s .  T o m b s  e i ;  a  1 .  ( 1 9 7 0 )  r e p o r t e d  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  o f  B S A  a n d  a r a c h i n  g e l s  d i s s o l v e d  
i n  g u a n i d i n e  h y d r o c h l o r i d e .  T h e y  c o n c l u d e d  t h a t  B S A  g e l s  
w e r e  s u b s t a n t i a l l y  c r o s s - l i n k e d  b y  d i s u l p h i d e  b o n d s  w h i l s t  
a r a c h i n  g e l s  w e r e  n o t .  H o w e l l  a n d  L a w r i e  ( 1 9 8 4 )  e x a m i n e d  t h e  
g e l  s t r e n g t h  o f  p l a s m a  g e l s  f o r m e d  i n  t h e  p r e s e n c e  o f  s o d i u m  
d o d e c y l  s u l p h a t e  ( S D S ) ,  u r e a  a n d  c y s t e i n e  h y d r o  c h i  o r i d e  a n d  
a l s o  i n d i c a t e d  t h e  i m p o r t a n c e  o f  d i  s u l p h i d e  b o n d s  i n  t h e  
f o r m a t i o n  o f  p l a s m a  a n d  B S A  g e l s .  I t  s h o u l d  b e  n o t e d  t h a t  
t h e  c o m p l e x  n a t u r e  o f  r e a c t i o n s  b e t w e e n  d e n a t u r a n t s  s u c h  a s  
S D S  a n d  g u a n i d i n e  h y d r o c h l o r i d e  a n d  p r o t e i n s  i s  n o t  f u l l y  
u n d  e  r s t o  o d .
G o r d o n  a n d  R o s s - M u r p h y  ( 1 9  7 5 )  e x a m i n e d  g e l l i n g  t i m e s  o f  
B S A  a t  p H  6 . 5  b y  t h e  f a l l i n g  n u m b e r  m e t h o d .  I t  w a s  s h o w n  
t h a t  b e l o w  5 7 ° C  t h e  r a t e  l i m i t i n g  s t e p  w a s  t h e  u n f o l d i n g  o f  
t h e  p r o t e i n  m o l e c u l e  w h e r e a s  a b o v e  t h i s  t e m p e r a t u r e  
a g g r e g a t i o n  i s  t h e  r a t e  l i m i t i n g  p r o c e s s .  T h i s  f i n d i n g  
c o n f i r m s  t h e  c o m m o n l y  h e l d  t h e o r y  t h a t  i n  t h e  p r o c e s s  o f  
g e l a t i o n  d e n a t u r a t i o n  p r e c e d e s  a g g r e g a t i o n .
S i n c e  A s t b u r y  _ e t  a l .  ( 1 9 3  5 )  p r o p o s e d  t h a t  c r o s s - l i n k i n g  
i n  p r o t e i n  g e l s  a r o s e  t h r o u g h  a l i g n m e n t  o f  p e p t i d e  c h a i n s  a n d  
f o r m a t i o n  o f  3 - s h e e t ,  t h e  m e a s u r e m e n t  o f  3 D  s t r u c t u r e  h a s
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b e e n  i m p o r t a n t  i n  t h e  e l u c i d a t i o n  o f  g e l  s t r u c t u r e .  C i r c u l a r  
d i c h r o i  s m  c a n n o t  b e  c a r r i e d  o u t  o n  a  g e l  a n d  s o  o t h e r  
t e c h n i q u e s  s u c h  a s  i n f r a r e d  ( I R ) a n d  l a s e r  R a m a n  
s p e c t r o s c o p y  h a v e  b e e n  u s e d .  N a t i v e  B S A  h a s  a  h i g h  a - h e l i x  
c o n t e n t  b u t  I R  e v i d e n c e  s u g g e s t s  t h a t  t h e r e  i s  a n  i n c r e a s e  
i n  g - s h e e t  i n  h e a t  s e t  g e l s  ( C l a r k  _ e t  a l . ,  1 9  8 1 ) .  T h i s
f i n d i n g  w a s  c o n f i r m e d  b y  L i n  a n d  K o e n i g  ( 1 9 7 6 )  w i t h  R a m a n  
s  p e c t  r  o s c o p y .  I n t  e  r m o  1 e c  u l  a  r  b o n d s  i n  B S A  h e a t  s e t  g e l s  a r e  
n o t  a l l  c o n s i d e r e d  t o  o c c u r  v i a  c h a i n  a l i g n m e n t  o f  g - s h e e t  
f o r m a t i o n  s i n c e  t h e  n u m b e r  o f  c r o s s - l i n k s  w o u l d  b e  e x p e c t e d  
t o  v a r y  c o n s i d e r a b l y  o v e r  t h e  p H  r a n g e ,  i o n i c  s t r e n g t h  a n d  
c o n c e n t r a t i o n ,  a n d  t h e  g - s h e e t  c o n t e n t  h a s  n o t  b e e n  f o u n d  t o  
v a r y  i n  p r o p o r t i o n  t o  t h e  l e v e l  o f  a g g r e g a t i o n .  I t  
t h e r e f o r e  s e e m s  l i k e l y  t h a t  t h e  f o r m a t i o n  o f  g - s h e e t  i n  B S A  
h e a t  s e t  g e l s  i s  e i t h e r  a n  i n t r a m o l e c u l a r  p r o c e s s ,  o r  o n e  
i n v o l v e d  i n  d i m e r  f o r m a t i o n  a t  m o s t .  H o w e v e r ,  o n c e  t h i s  
r e a r r a n g e m e n t  h a s  o c c u r r e d ,  e x p o s e d  h y d r o p h o b i c  g r o u p s  m a y  
t a k e  p a r t  i n  f u r t h e r  p r o t e i n - p r o t e i n  a s s o c i a t i o n s .
1 . 7 .  S t r u c t u r e  a n d  f u n c t i o n  r e l a t i o n s h i p s  i n  p r o t e i n s
T h e  a m i n o  a c i d  c o m p o s i t i o n  m a y  i n f l u e n c e  t h e  f u n c t i o n a l  
p r o p e r t i e s  o f  t h e  p r o t e i n .  T h u s  a  h i g h  p r o p o r t i o n  o f  a p o l a r  
r e s i d u e s  r e n d e r s  t h e  p r o t e i n  m o r e  h y d r o p h o b i c  a n d  t h e r e f o r e  
i n f l u e n c e s  s u r f a c t a n t  p r o p e r t i e s .  L i k e w i s e ,  t h e  p r e s e n c e  o f  
c h a r g e d  a m i n o  a c i d s  m a y  e n h a n c e  e l e c t r o s t a t i c  i n t e r a c t i o n s  
s u c h  a s  w a t e r  b i n d i n g .  H o w e v e r ,  t h e  a m i n o  a c i d  c o m p o s i t i o n  
i s  n o t  t h e  m a j o r  f a c t o r  a f f e c t i n g  f u n c t i o n a l  p r o p e r t i e s  a s  
s h o w n  b y  t h e  f a c t  t h a t  t h e  h o m o l o g o u s  p r o t e i n s  l y s o z y m e  a n d  
a - l a c t a l b u m i n  d i f f e r  m a r k e d l y  i n  t h e i r  p h y s i c a l  p r o p e r t i e s
( T a k e s a d a  e_t  a l . ,  1 9  7 5 ) .  A d e t a i l e d  r e v i e w  o f  t h e  d i f f e r e n t
t y p e s  o f  i n t e r -  a n d  i n t r a -  m o l e c u l a r  a s s o c i a t i o n s  i s  n e e d e d  
t o  i d e n t i f y  i n t e r a c t i o n s  t h a t  a r e  i m p o r t a n t  i n  t h e  
m a i n t e n a n c e  o f  g e l s  a n d  c o l l o i d s .
1 . 7 . 1 .  C o v a l e n t  b o n d s
C o v a l e n t  b o n d s  s u c h  a s  d i  s u l p h i d e  b o n d s  a r e  i m p o r t a n t  
i n  m a i n t a i n i n g  t h e  n a t i v e  s t r u c t u r e  o f  m a n y  p r o t e i n  
m o l e c u l e s .  I n  B S A  t h e  m o l e c u l a r  s t a b i l i t y  i s  m a i n t a i n e d  b y  
t h e  1 7  d i s u l p h i d e  l i n k s  w h i c h  a r e  f l e x i b l e  e n o u g h  t o  a l l o w  
t h e  b i n d i n g  o f  l o n g  c h a i n  f a t t y  a c i d s  a n d  p r o s t a g l a n d i n s  
( P e t e r s ,  1 9 7 7 ) .  D i s u l p h i d e  b o n d s  h a v e  a l s o  b e e n  s h o w n  t o  
c o n f e r  i n c r e a s e d  h e a t  s t a b i l i t y  b u t  t o  l i m i t  d i g e s t i b l i t y  o f  
p r o t e i n s .  T h e  f o r m a t i o n  a n d  r e d u c t i o n  o f  d i s u l p h i d e  b o n d s  
a r e  i m p o r t a n t  i n  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  p r o t e i n s .  I n  
p a r t i c u l a r ,  t h i o l  o x i d a t i o n  a n d  d i s u l p h i d e / s u l p h y d r y l  
i n t e r c h a n g e  r e a c t i o n s  h a v e  b e e n  f o u n d  t o  o c c u r  d u r i n g  t h e  
d e v e l o p m e n t  o f  t h e  v i s c o e l a s t i c  p r o p e r t i e s  o f  g l u t e n  ( E w a r t ,  
1 9  7 2  ) .  T h e  r e a c t i o n  b e t w e e n  t h e  f r e e  s u l p h y d r y l  g r o u p  o n  0 -  
l a c t o g l o b u l i n  a n d  t h e  d i s u l p h i d e  b o n d s  i n  c a s e i n  r e s u l t s  i n  
t h e  f o r m a t i o n  o f  a  c o m p l e x  a n d  m i c e l l e  s t a b i l i s a t i o n  i n  m i l k  
( M o r r ,  1 9  7  5 ) .
1 . 7 . 2 .  H y d r o g e n  b o n d s
H y d r o g e n  b o n d s  a r e  i o n i c  i n  c h a r a c t e r  a n d  r e f e r  t o  t h e  
s h a r i n g  o f  a n  h y d r o g e n  a t o m  a t t a c h e d  t o  a n  e l e c t r o n e g a t i v e  
a t o m  ( n i t r o g e n ,  o x y g e n  o r  s u l p h u r )  w i t h  a n o t h e r  
e l e c t r o n e g a t i v e  a t o m  ( o x y g e n  o f  a  c a r b a r n  y l  o r  c a r b o n y l  
g r o u p ) .  T h e  f r e e  e n e r g y  f a v o u r i n g  t h e  f o r m a t i o n  o f  h y d r o g e n
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b o n d s  r a n g e s  f r o m  8 - 4 0  k j / m o l e .  A l t h o u g h  h y d r o g e n  b o n d s  a r e  
k n o w n  t o  s t a b i l i s e  a - h e l i x  a n d  8 - s h e e t  f o r m a t i o n  t h e r e  i s  
c o n s i d e r a b l e  d i s a g r e e m e n t  a b o u t  t h e i r  r o l e  i n  t h e  
s t a b i l i s a t i o n  o f  p r o t e i n s  s i n c e  i n  w a t e r  t h e y  a r e  
t h e r m o d y n a m i c a l l y  u n s t a b l e .  W a t e r  i s  a  s t r o n g  h y d r o g e n  
b o n d i n g  a g e n t  a n d  w o u l d  t h e r e f o r e  i n t e r f e r e  w i t h  t h e  
h y d r o g e n  b o n d s  s t a b i l i s i n g  t h e  p r o t e i n .  H y d r o g e n  b o n d s  m a y  
b e  i m p o r t a n t  i n  t h e  h y d r o p h o b i c  c e n t r e  o f  t h e  m o l e c u l e .  
T h e y  a r e  t h o u g h t  t o  b e  i m p o r t a n t  i n  g l u t e n  d e v e l o p m e n t  
( K i n s e l l a ,  1 9 8 2 ) .
1 . 7 . 3 .  E l e c t r o s t a t i c  i n t e r a c t i o n s
E l e c t r o s t a t i c  i n t e r a c t i o n s  m a y  o c c u r  b e t w e e n  n e g a t i v e  
( a c i d )  a m i n o  a c i d s  ( g l u t a m i c  a n d  a s p a r t i c )  a n d  t h o s e  w i t h  a  
p o s i t i v e  c h a r g e  ( l y s i n e ,  a r g i n i n e  a n d  h i s t i d i n e )  a n d  h a v e  
e n e r g y  v a l u e s ,  i n  a  v a c u u m  o f  - 1 2  t o  - 2 5  k J / m o l e .  I t  i s  
i m m e d i a t e l y  s e e n  t h a t  a s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  
m e d i u m  r i s e s ,  t h e s e  e l e c t r o s t a t i c  e f f e c t s  f a l l  a n d  c o u l d  
e a s i l y  b e  s w a m p e d .  T h e  r e a c t i o n s  a r e  p H  d e p e n d e n t  a n d  a r e  
m i n i m i s e d  a t  h i g h  i o n i c  s t r e n g t h .  I n  c o m p a r i s o n  w i t h  
h y d r o p h o b i c  i n t e r a c t i o n s ,  e l e c t r o s t a t i c  a t t r a c t i o n s  h a v e  l o w  
a c t i v a t i o n  e n e r g i e s  a n d  a r e  k n o w n  t o  b e  t h e  m e c h a n i s m  f o r  
m a n y  e n z y m a t i c  r e a c t i o n s .  E l e c t r o s t a t i c  i n t e r a c t i o n s  
b e t w e e n  p h o s p h o r y l a t e d  c a s e i n s  v i a  c a l c i u m  b r i d g e s  a r e  
t h o u g h t  t o  b e  i n v o l v e d  i n  m i c e l l e  f o r m a t i o n  d u r i n g  r e n n e t  
c o a g u l a t i o n  o f  m i l k  p r o t e i n s  ( M o r r ,  1 9 7 5 ) .
1 . 7 . 4 .  H y d r o p h o b i c  i n t e r a c t i o n s
H y d r o p h o b i c  f o r c e s  a r e  d u e  t o  t h e  r e p u l s i o n  o f  a p o l a r  
g r o u p s  f o r  w a t e r .  T h e s e  r e p u l s i o n s  a r e  t h e  p r i n c i p a l  f o r c e s  
m a i n t a i n i n g  t h e  t e r t i a r y  c o n f o r m a t i o n  o f  a  p r o t e i n .  T h e y  a r e  
c r i t i c a l l y  i n v o l v e d  i n  t h e  a s s e m b l y  a n d  s t r u c t u r e  o f  
m y o f i b r i l l a r  p r o t e i n s  i n  m u s c l e ,  a n d  o f  g l u t e n  i n  d o u g h  
( K i n s e l l a ,  1 9 8 2 ) .
H y d r o p h o b i c  f o r c e s  h a v e  b e e n  t h e  m o s t  s t u d i e d  f o r c e s  
i n  r e l a t i o n  t o  p r o t e i n  f u n c t i o n .  K a t o  a n d  N a k a i  ( 1 9 8 0 )  
c o r r e l a t e d  s u r f a c e  h y d r o p h o b i c i t y  w i t h  e m u l s  i f  i  c a t i o n  
p r o p e r t i e s  o f  a  n u m b e r  o f  n a t i v e  p r o t e i n s .  N a k a i  ( 1 9 8 3 )  
s h o w e d  t h a t  a  b e t t e r  c o r r e l a t i o n  e x i s t e d  b e t w e e n  
e m u l  s i  f  i c a t i o n  a n d  t h e  ' s u m '  o f  t h e  p r o t e i n ' s  h y d r o p  h o b i  c i  t y  
a n d  s o l u b i l i t y .  S i g n i f i c a n t  c o r r e l a t i o n s  w e r e  f o u n d  b e t w e e n  
t h e  e m u l s i o n  c a p a c i t y ,  s t a b i l i t y  a n d  f a t - b i n d i n g  c a p a c i t y  o f  
h e a t  d e n a t u r e d  p r o t e i n s  w i t h  s u r f a c e  h y d  r o p  h o b i  c  i  t y  ( i n  t h e  
p r e s e n c e  o f  2 0 m g  l i t r e - -1 S D S )  a n d  s o l u b i l i t y .  F o r  f o a m i n g  
c a p a c i t y ,  e x p o s e d  h y d r o p h o b i c i t y  a c h i e v e d  b y  h e a t  
d e n a t u r a t i o n  a n d  v i s c o s i t y  p l a y e d  i m p o r t a n t  r o l e s .  H o w e v e r ,  
n e t  c h a r g e  w a s  t h e  m o s t  i n f l u e n t i a l  f a c t o r  f o r  f o a m  
s t a b i l i t y  ( T o w n s e n d  a n d  N a k a i ,  1 9 8 3 ) .  E x p o s e d  
h y d  r o p  h o b i  c  i  t y  v a l u e s  a n d  a v a i l a b l e  s u l p h y d r y l  g r o u p s  s h o w e d  
g o o d  c o r r e l a t i o n  w i t h  t h e  h e a t - s e t t i n g  b e h a v i o u r  o f  
p r  o  t  e  i  n s .
*
I n  a d d i t i o n  t o  t h e  i n t e r a c t i o n  o f  p r o t e i n s  v i a  
c o v a l e n t  a n d  h y d r o g e n  b o n d s  a n d  t h e  v a r i o u s  t y p e s  o f  
e l e c t r o s t a t i c  a n d  h y d r o p h o b i c  i n t e r a c t i o n s  t h e  f u n c t i o n  o f  
p r o t e i n s  i s  a l s o  g o v e r n e d  b y  t h e i r  c o n f o r m a t i o n .
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1 . 8 .  P r o t e i n  c o n f o r m a t i o n  and f u n c t i o n
G r a h a m  a n d  P h i l l i p s  ( 1 9 7 9 a ,  b a n d  c ;  1 9 8 0 a  a n d  b )  
s t u d i e d  t h e  r e l a t i o n s h i p s  b e t w e e n  m o l e c u l a r  s t r u c t u r e  a n d  
s u r f a c e  p r o p e r t i e s  o f  t h r e e  p r o t e i n s  o f  d i f f e r e n t  s t r u c t u r e ;  
l y s o z y m e  a  g l o b u l a r  a n d  r i g i d  p r o t e i n ,  B S A  a  g l o b u l a r ,  
f l e x i b l e  p r o t e i n  a n d  0 - c a s e i n  w h i c h  h a s  a  f l e x i b l e  c o i l  
c o n f o r m a t i o n .  T h e  h y d r o p h o b i c ,  d i s o r d e r e d  0 - c a s e i n  m o l e c u l e s  
w e r e  m o r e  s u r f a c e  a c t i v e  t h a n  t h e  g l o b u l a r  B S A  o r  l y s o z y m e  
m o l e c u l e s .  H o w e v e r ,  i n  c o n t r a s t  t o  0 - c a s e i n  t h e  f i l m  o f  B S A  
a n d  l y s o z y m e  a t  t h e  a i r / w a t e r  i n t e r f a c e  w a s  e s s e n t i a l l y  
r i g i d .  T h e  s t r u c t u r e s  f o r m e d  b y  0 - c a s e i n ,  l y s o z y m e  a n d  B S A  
a t  a i r / w a t e r  a n d  o i l / w a t e r  i n t e r f a c e s  r e f l e c t e d  t h e  i n t r i n s i c  
f l e x i b i l i t i e s  o f  t h e s e  m o l e c u l e s .  T h e  s u r f a c e  p r e s s u r e  t o  
m o l e c u l a r  a r e a  c u r v e  o f  0 - c a s e i n  c o u l d  b e  d e s c r i b e d  i n  t e r m s  
o f  s e g m e n t s  o f  t h e  a m i n o  a c i d  c h a i n s  f o r m i n g  e i t h e r  t r a i n s  o r  
l o o p s  a n d  t a i l s  o f  r e s i d u e s  p r o t r u d i n g  i n t o  t h e  b u l k  p h a s e .  
I n  c o n t r a s t ,  t h e  g l o b u l a r  p r o t e i n s ,  l y s o z y m e  a n d  B S A  
m o l e c u l e s  r e t a i n e d  e l e m e n t s  o f  t h e i r  n a t i v e  s t r u c t u r e  w h e n  
a d s o r b e d  d u e  t o  a  h i g h  r e s i s t a n c e  t o  d e n a t u r a t i o n .  F l e x i b l e  
a n d  g l o b u l a r  p r o t e i n s  r e s p o n d  d i f f e r e n t l y  w h e n  t h e  a i r  p h a s e  
i s  r e p l a c e d  w i t h  o i l .  A t  t h e  o i l / w a t e r  i n t e r f a c e  t h e  
a d s o r b e d  l y s o z y m e  m o l e c u l e s  w e r e  d e n a t u r e d  t o  a  g r e a t e r  
e x t e n t  t h a n  a t  t h e  a i r / w a t e r  i n t e r f a c e .  I t  w a s  c o n c l u d e d  
t h a t  t h e  u n f o l d i n g  o f  a  p r o t e i n  a t  t h e  i n t e r f a c e  w a s  
d e p e n d e n t  u p o n  t h e  e x t e n t  t o  w h i c h  t h e  m o l e c u l e s  a r e  o r d e r e d  
i n  t h e  n a t i v e  s t a t e .
G r a h a m  a n d  P h i l l i p s  ( 1 9 8 0 a )  p u t  f o r w a r d  t h e  t h e o r y  
t h a t  t h e  m o r e  u n f o l d e d  t h e  p r o t e i n  w a s  i n  t h e  n a t i v e  s t a t e  
t h e  g r e a t e r  t h e  p o s s i b i l i t y  o f  o c c u p y i n g  t h e  s u r f a c e  a r e a  b y
20
a  s i n g l e  m o l e c u l e .  T h e  l a c k  o f  r e s t r i c t i v e  s t r u c t u r e s  s u c h  
a s  d i s u l p h i d e  b o n d s  a l l o w e d  t h e  p r o t e i n  t o  f o r m  a  t h i n  
e x p a n d e d  d i s c  a t  t h e  i n t e r f a c e .  T h i s  t h e o r y  w a s  t e s t e d  b y  
S o n g  a n d  D a m o d a r a n  ( 1 9 8 7 )  w h o  m e a s u r e d  t h e  s p a c e  o c c u p i e d  a n d  
t h e  s u r f a c e  p r e s s u r e  a p p l i e d  b y  v a r i o u s  B S A  i n t e r m e d i a t e s  
w h i c h  h a d  u n d e r g o n e  a  r a n g e  o f  t r e a t m e n t s  t o  p r o d u c e  
s t r u c t u r a l  c h a n g e s .  T h e  t h e o r y  o f  t h e  d e g r e e  o f  u n f o l d i n g  
l i m i t i n g  m o l e c u l a r  s p r e a d  w a s  n o t  s u p p o r t e d  a s  a  s a m p l e  o f  
B S A  w i t h  c o m p l e t e l y  r e d u c e d  d i  s u l p h i d e  b o n d s  o c c u p i e d  l e s s  
s u r f a c e  a r e a  t h a n  t h e  r e f o l d e d  i n t e r m e d i a t e .  T h e r e f o r e ,  i t  
w a s  n o t  p o s s i b l e  t o  e x p l a i n  t h e  f u n c t i o n a l  p r o p e r t i e s  b y  t h e  
d e g r e e  o f  d i s u l p h i d e  r e d u c t i o n  a n d  i t  w a s  c o n c l u d e d  t h a t  a n  
o p t i m u m  r a t i o  o f  o r d e r e d  t o  d i s o r d e r e d  s t r u c t u r e s  m a y  b e  
e s s e n t i a l  t o  c a u s e  g r e a t e r  c h a n g e  o f  s u r f a c e  p r e s s u r e  p e r  
a d s o  r b e d  m o  1 e c u l  e .
T h e  s u r f a c e  a c t i v i t y  o f  8 - c a s e i n ,  B S A  a n d  l y s o z y m e  w a s  
s h o w n  t o  r e d u c e  i n  t h a t  o r d e r  ( B e n j a m i n  e j t  a  1 . ,  1 9 7  5  ) a n d  
w a s  e x p l a i n e d  a s  r e f l e c t i n g  n o t  o n l y  t h e  r a t e  o f  d i f f u s i o n  
t o  t h e  i n t e r f a c e  o f  t h e  n a t i v e  p r o t e i n  b u t  t o  m o l e c u l a r  
" f l e x i b i l i t y " .
K a t o  j e t _  a  1 .  ( 1 9 8 5 )  s t u d i e d  t h e  r e l a t i o n s h i p  b e t w e e n  
t h e  s u r f a c e  f u n c t i o n a l  p r o p e r t i e s  a n d  f l e x i b i l i t y  a s  
d e t e r m i n e d  b y  s u s c e p t i b i l i t y  t o  p r o t e a s e  d i g e s t i o n . ’ 
P r o t e i n s  o f  d i f f e r e n t  d i g e s t i o n  r a t e s  w e r e  c h o s e n .  
O v a l b u m i n  a n d  l y s o z y m e  w e r e  n o t  d i g e s t i b l e  a n d  w e r e  
t h e r e f o r e  d e n o t e d  a s  r i g i d  o r  f o l d e d  m o l e c u l e s ,  w h e r e a s  
c a s e i n ,  8 - l a c t o g l o b u l i n  a n d  B S A  w e r e  d i g e s t i b l e  a n d  w e r e  
t h e r e f o r e  c a t e g o r i s e d  a s  f l e x i b l e .  C o r r e l a t i o n  b e t w e e n  
f o a m i n g  p r o p e r t i e s ,  e m u l s i o n  a c t i v i t y  a n d  d i g e s t i o n  w a s  
s h o w n .  T h e  a u t h o r s  c o n c l u d e d  t h a t  t h e  f l e x i b i l i t y  o f  t h e  
p r o t e i n  s t r u c t u r e  a s  d e t e c t e d  b y  p r o t e a s e  d i g e s t i b i l i t y  m a y
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b e  a n  i m p o r t a n t  f a c t o r  g o v e r n i n g  f o a m  a n d  e m u l s i o n  
f o  r m a t  i  o  n .
1 . 9 .  D e n a t u r a t i o n  a n d  f u n c t i o n a l  p r o p e r t i e s
T h e  u s e f u l n e s s  o f  t h e  t e r m  d e n a t u r a t i o n  i s  d e b a t a b l e .  
T h i s  w o r d  i s  u s e d  t o  d e s c r i b e  a  m u l t i t u d e  o f  p h e n o m e n a  w h i c h  
m a y  b e  f u n d a m e n t a l l y  d i f f e r e n t .  I t  i s  g e n e r a l l y  c o n s i d e r e d  
t o  i n v o l v e  c h a n g e s  i n  t h e  s e c o n d a r y ,  t e r t i a r y  a n d  
q u a t e r n a r y  s t r u c t u r e  a n d  n o t  i n  t h e  p r i m a r y  s t r u c t u r e ,  
D e n a t u r a t i o n  i s  c o m m o n l y  u s e d  t o  d e s c r i b e  t h e  t h e r m a l  
i n a c t i v a t i o n  o f  e n z y m e s  w h i c h  c a n  b e  q u a n t i f i e d .  A g e n e r a l  
s i g n  o f  d e n a t u r a t i o n  i s  i n s o l u b i l i t y  a n d  l a c k  o f  
e l e c t r o p h o r e t i c  m o b i l i t y .  T h e  a m b i g u o u s  n a t u r e  o f  t h e  t e r m  
d e n a t u r a t i o n  i s  i n d i c a t e d  b y  t h e  f a c t  t h a t  d e n a t u r a t i o n  c a n  
i m p r o v e  o r  b e  d e t r i m e n t a l  t o  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  a  
p r o t e i n .  C l e a r l y ,  d e n a t u r a t i o n  w h i c h  c a u s e d  p a r t i a l  
u n f o l d i n g  o f  a  p r o t e i n  w i t h  e x p o s u r e  o f  i n t e r n a l  h y d r o p h o b i c  
g r o u p s  c o u l d  l e a d  t o  i n c r e a s e d  p r o t e i n - p r o t e i n  i n t e r a c t i o n  
a n d  i m p r o v e  t h e  f u n c t i o n a l  p r o p e r t i e s .  G e n e r a l l y ,  a n  
u n d e n a t u r e d  s o l u b l e  p r o t e i n  i s  r e q u i r e d  p r i o r  t o  f o a m i n g ,  
e m u l s i f y i n g  a n d  g e l a t i o n .  D u r i n g  t h e s e  p r o c e s s e s  t h e  
p r o t e i n  i s  d e n a t u r e d  a n d  i n  s o  d o i n g  t h e  f u n c t i o n a l  p r o p e r t y  
i s  e n h a n c e d  ( K i n s e l l a ,  1 9 7 6 ) .
T h e  s t r u c t u r e  o f  a  n a t i v e  p r o t e i n  h a s  e v o l v e d  t o  
p e r f o r m  t h e  f u n c t i o n s  r e q u i r e d  o f  i t  j _ n  v i v o  ,  f o r  e x a m p l e  t h e  
r o l e  o f  B S A  i n  p l a s m a  a s  a  u n i v e r s a l  c a r r i e r  m o l e c u l e .  T h e  
r e q u i r e m e n t  f o r  h i g h  q u a l i t y  f u n c t i o n a l  p r o t e i n s  i s  
c o n t i n u a l l y  i n c r e a s i n g  m a i n l y  d u e  t o  t h e  l i m i t e d  s u p p l i e s  o f
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c o n v e n t i o n a l  p r o t e i n s  s u c h  a s  m e a t  a n d  e g g s  w h i c h  m a k e  t h e m  
e x p e n s i v e .  C o n v e n t i o n a l  p r o t e i n s  c a n  b e  r e p l a c e d  t o  a  
c e r t a i n  e x t e n t  b y  c h e a p e r  n o n - c o n v e n t i o n a l  p r o t e i n s  e g  s o y a  
a n d  w h e y ,  w h i c h  h a v e ,  i n  r e c e n t  y e a r s ,  b e c o m e  a n  i n t e g r a l  
p a r t  o f  p r o c e s s e d  f o o d s .  F o o d  p r o t e i n s  d o  n o t  a l l  e x h i b i t  
i d e a l  f u n c t i o n a l  p r o p e r t i e s . ^  B y  e l u c i d a t i n g  t h e  
r e l a t i o n s h i p s  o f  t h e  s t r u c t u r e  o f  p r o t e i n s  t o  t h e i r  
f u n c t i o n a l  p r o p e r t i e s  i t  m a y  b e  p o s s i b l e  t o  e n h a n c e  
f u n c t i o n a l i t y  b y  c h e m i c a l  m o d i f i c a t i o n .  T h e  s e a r c h  f o r  n o v e l  
p r o t e i n s  h a s  g e n e r a t e d  a  n e e d  t o  e s t a b l i s h  t e s t s  t o  a s s e s s  
f u n c t i o n a l  p r o p e r t i e s  a n d  t o  a n s w e r  t h e  q u e s t i o n  " W h a t  m a k e s  
a  p r o t e i n  f u n c t i o n  w e l l ? "  " W h a t  p a r t  o r  f e a t u r e  o f  t h e  
p r o t e i n  m o l e c u l e  i s  i n v o l v e d  i n  f o a m i n g ,  g e l l i n g  o r  
e m u l s i f y i n g ? " .  T h e r e  i s  n o  r e a s o n  w h y  o n c e  t h e  s t r u c t u r a l  
f e a t u r e s  r e q u i  r e d  f o r  c e r t a i n  f u n c t i o n a l  p r o p e r t i e s  a r e  f o u n d  
t h e y  c o u l d  n o t  b e  a t t a c h e d  t o  a n y  c h e a p  p r o t e i n  t o  p r o d u c e  
" c u s t o m  m a d e "  p r o t e i n s  f o r  a  p a r t i c u l a r  u s e .  D e t e r m i n a t i o n  
o f  t h e  i m p o r t a n t  f a c t o r s  i s ,  h o w e v e r ,  f a r  f r o m  a  s i m p l e  t a s k .  
T h e  a i m  o f  t h i s  s t u d y  i s  t o  a t t e m p t  t o  i s o l a t e  t h e  i m p o r t a n t  
s t r u c t u r a l  f e a t u r e s  i n v o l v e d  i n  t h e  f u n c t i o n  o f  p r o t e i n  b y  
c h e m i c a l  m o d i f i c a t i o n .
1 . 1 0 .  M o d i f i c a t i o n  o f  p r o t e i n s
T h e  t h r e e  d i m e n s i o n a l  s t r u c t u r e  o f  a  p r o t e i n  i s  
g o v e r n e d  b y  t h e  s e q u e n c e  o f  a m i n o  a c i d s  a n d  t h e  e n v i r o n m e n t  
( M e a n s  a n d  F e e n y ,  1 9 7 1 ) .  M o d i f i c a t i o n  o f  a n y  a m i n o  a c i d  
r e s u l t s  i n  a  c h a n g e  i n  t h e  p r i m a r y  s t r u c t u r e .  T h e  
c o n d i t i o n s  i n  w h i c h  m o d i f i c a t i o n  t a k e s  p l a c e  a r e  o f t e n  
h a r s h .  W h e n  e x a m i n i n g  t h e  e f f e c t s  o f  a  s p e c i f i c
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m o d i f i c a t i o n  o n  a  p a r t i c u l a r  p r o t e i n  f u n c t i o n ,  i t  i s  
i m p o r t a n t  t o  c h o o s e  c o n d i t i o n s  w h i c h  m i n i m i s e  u n d e s i r e d  
s t r u c t u r a l  a l t e r a t i o n s  o r  d e n a t u r a t i o n .
I n  a d d i t i o n  t h e  e f f e c t s  o f  a  s p e c i f i c  m o d i f i c a t i o n  o n  
t h e  n u t r i t i o n a l  v a l u e  a n d  t o x i c o l o g i c a l  i m p l i c a t i o n s  o f  
p r o t e i n s  i n t e n d e d  f o r  c o n s u m p t i o n  s h o u l d  b e  e v a l u a t e d .
M o d i f i c a t i o n  o f  p r o t e i n s  i n c u d e s  i n t e n t i o n a l  c h e m i c a l  
o r  e n z y m a t i c  m o d i f i c a t i o n s  a n d  d e g r a d a t i o n  m e c h a n i s m s .  T h i s  
d i s c u s s i o n  i s  l i m i t e d  t o  i n t e n t i o n a l  c h e m i c a l  m o d i f i c a t i o n s ,  
c l a s s i f i e d  b y  r e a c t i v e  g r o u p .
1 . 1 0 . 1 .  C h e m i c a l  m o d i f i c a t i o n  o f  p r o t e i n s
T h i s  s u b j e c t  i s  v a s t  a n d  h a s  b e e n  e x t e n s i v e l y  r e v i e w e d  
b y  L u n b l a d  a n d  N o y e s  ( 1 9 8 4 ) ,  M e a n s  a n d  F e e n e y  ( 1 9 7 1 )  a n d  
G l a z e r  ( 1 9 7 6 ) .  D u e  t o  s i z e  l i m i t a t i o n ,  o n l y  a  n u m b e r  o f  
s a l i e n t  m o d i f i c a t i o n s  a r e  d e a l t  w i t h .  I t  s h o u l d  b e  n o t e d  
t h a t  i n  p a r t i c u l a r  t h e  r e a c t i o n s  o f  p h e n o l i c ,  i m i d a z o l e ,  
i n d o l e  a n d  t h i o e s t e r  g r o u p s  a r e  n o t  d i s c u s s e d .
1 . 1 0 . 1 . 1 .  A m i n o  g r o u p s
P r o t e i n  a m i  n o  g r o u p s  h a v e  a p p r o x i m a t e  p K  v a l u e s  o f  8  o r
9 . 5  d e p e n d i n g  o n  w h e t h e r  t h e y  a r e  p o s i t i o n e d  t e r m i n a l l y  ( a )  
o r  o n  t h e  l y s y l  r e s i d u e s  ( e p s i l o n )  r e p e c t i v e l y .  T h e r e f o r e  
t h e y  a r e  p o s i t i v e l y  c h a r g e d  e x c e p t  a t  h i g h  p H .  I m p o r t a n t  
m o d i f i c a t i o n s  o f  t h e  a m i n o  g r o u p s  a r e  o u t l i n e d  b e l o w ,  
i )  A c y l  a  t  i  o  n r e a c t i o n s  w i t h  a n  a c i d  a n h y d r i d e  i n c l u d e  t h o s e  
w i t h  a c e t i c  a n h y d r i d e  ( F r a e n k e l - C o  n r a t ,  1 9 5 7 ) ,  s u c c i n i c  
a n h y d r i d e  ( H o a g l a n d ,  1 9 6 6 ) ,  m a l e i c  a n h y d r i d e  ( B u t l e r  _ e t  a l  . ,
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1 9 6 9 )  o r  c i  t r a c o n i c  a n h y d r i d e  ( A t t a s s i  a n d  H a b e e b ,  1 9  7 2  ) .  
N - c a  r b o x y a n h y d  r  i  d e s  o f  a m i n o  a c i d s  h a v e  b e e n  u s e d  t o  
c o v a l e n t l y  a t t a c h  a m i n o  a c i d s  t o  p r o t e i n s  v i a  t h i s  m e c h a n i s m  
( P u i g s e r v e r  e t  1 9  8  2  ) .  I n  a d d i t i o n ,  N - a c e t y l
h o m o c y s t e i n e  t h i o l a c t o n e  r e a c t s  w i t h  t h e  a m i n o  g r o u p  a n d  
r e s u l t s  i n  t h e  a t t a c h m e n t  o f  h o m o c y s t e i n e  r e s i d u e s  ( B e n e s c h  
a n d  B e  n e s c h ,  1 9  5 6 ) .
1 i ) C a r b a m y l a t  i o n  i n v o l v e s  t h e  r e a c t i o n  o f  c y a n a t e  w i t h  a n  
a m i n o  g r o u p  t o  g i v e  s u b s t i t u t e d  u r e a s  ( S t a r k  j e t  a l . ,  1 9 6 0 ) .
i i i )  A m j _ d j _ _ n  a_ t r i o .  _n o f  p r o t e i n s  w i t h  e t h y l  a c e t i m i d e  o r  
i m i d o e s t e r s  r e s u l t s  i n  t h e  f o r m a t i o n  o f  i m i d o a m i d e s  o r  
a m i d i n e s  ( W o f s y  a n d  S i  n g e r ,  1 9 6 3 ) .
i v )  G u a  n i  d  i  n a  t  i  o  n i s  t h e  r e a c t i o n  b e t w e e n  0 - m e t h y l i s o u r e a  a n d  
l y s i n e  c o n v e r t i n g  t h e  l a t t e r  t o  h o m o a r g i n i n e  ( K l e e  a n d  
R i c h a r d s ,  1 9 5 7 ) .
v )  S u l  p h o n y l  a t i  o n  i s  t h e  r e a c t i o n s  b e t w e e n  s u l p h o n y l  h a l i d e s  
a n d  s u l p h o n a t e s  s u c h  a s  S - s u 1 p h o n y 1 - c y s t e i n e  a n d  d a n s y l  
c h l o r i d e  a n d  t h e  a m i n o  g r o u p s  ( M e a n s  a n d  F e e n e y ,  1 9 7 1 ) .
1 . 1 0 . 1 . 2 .  C a r b o x y l  g r o u p s
C a r b o x y l  g r o u p s  h a v e  a p K  4 . 5  t o  5 . 0  a n d  a r e  t h e r e f o r e  
d i s s o c i a t e d  a t  n e u t r a l  p H .  T h e  m a i n  r e a c t i o n s  o f  t h e  
c a r b o x y l  g r o u p s  a r e  a s  f o l l o w s .
i )  E s  t  e  r  i  f  i  c  a  t  i  o  n . A c i d i f i e d  a l c o h o l s  r e a c t  w i t h  a c i d  g r o u p s  
t o  f o r m  e s t e r s  ( F r a e n k e l - C o n r a t  a n d  O l c o t t ,  1 9 4 5 ) .
D i  a z o a c e t a t e s  a l s o  r e a c t  t o  f o r m  e s t e r s  ( H e r r i o t ,  1 9 4 7 ) .  
i  i  ) C a r b o d i i m i d e  m e d  i  a  t  e d  r e a c t i o n s . C a r b o d i i m i d e s  c a n  b e  
u s e d  e i t h e r  t o  a m i  d a t e ,  c o n v e r t i n g  a s p a r t i c  a n d  g l u t a m i c  
a c i d s  t o  a s p a r a g i n e  a n d  g l u t a m i n e  r e s p e c t i v l y ,  o r  t o  a t t a c h  
a n y  n u c l e o p h i l e  w i t h  a n  a m i n o  g r o u p .
1 . 1 0 . 1 . 3 .  S u l p h y d r y l  g r o u p s
S u l p h y d r y l  g r o u p s  a r e  t h e  m o s t  r e a c t i v e  g r o u p s  o n  a  
p r o t e i n .  T h e r e f o r e  m o s t  a l k y l a t i n g ,  a r y l a t i n g  a n d  a c y l a t i n g  
a g e n t s  d e s c r i b e d  f o r  a m i n o  g r o u p s  w i l l  r e a c t  w i t h  s u l p h y d r y l  
g r o u p s .  S p e c i f i c  r e a c t i o n s ,  h o w e v e r ,  a r e  l i s t e d  b e l o w ;  
i ) p - M e r c u r i  b e n z o a t e  i s  u s e d  a s  a  m e t h o d  o f  d e t e c t i o n  b y  
t i t r a t i o n  ( B o y e r ,  1 9 5 4 )
i  i ) I o d o a c e t a t  e .  T h i s  i s  a s p e c i f i c  m o d i f i c a t i o n  w h i c h  w i l l  
o n l y  r e a c t  q u a n t i t a t i v e l y  i n  t h e  p r e s e n c e  o f  a  d e n a t u r a n t  
( C r e s t f i e l d  _ej t  a l . ,  1 9  6 3 )
1 1  i ) N - e t h y l  m a l e i  m i d e  i s  u s e d  a s  a  m e t h o d  o f  d e t e r m i n a t i o n  
a n d  f o r  s u b s t i t u t i o n  o f  s u l p h y d r y l  g r o u p s  ( C o l m a n  a n d  C h u ,
1 9 7 0 ) .
i  v ) 5 , 5 '  D i  t  h i  o  b  1 s  ( 2 - n i t r o b e n z o i c  a c i d )  ( D T N B )  o r  E l l m a n ' s
r e a g e n t  i s  u s e d  i n  t h e  s p e c t r o p h o t o m e t r i c  d e t e c t i o n  o f  
s u l p h y d r y l  g r o u p s  ( E l l m a n ,  1 9  5 9 ) .
1 . 1 0 . 1 . 4 .  D i s u l p h i d e  b o n d s
T h e  c l e a v a g e  o f  d i  s u l p h i d e  b o n d s  c a n  b e  c a r r i e d  o u t  
w i t h  m i l d  r e d u c i n g  a g e n t s  s u c h  a s  0 - m e r c a p t o e t h a n o l  ( S h a p i r o  
a n d  A r n o n ,  1 9 6 9 ) ,  d i t h i o t h r e i t o l  ( B e w l e y  a n d  L i ,  1 9 6 9 ) ,  
s o d i u m  b o r o  h y d  r i d e  ( L i g h t  a n d  S i n h a ,  1 9 6 7 )  o r  s u l p h i t e  ( C o l e ,  
1 9 6 7 ) .  R e d u c t i o n  i s  n o r m a l l y  c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  
a d e n a t u r a n t  ( 6 M  g u a n i d i n e  h y d r o c h i o r i d e  o r  8 M u r e a ) .
1 . 1 1 .  C h e m i c a l  m o d i f i c a t i o n  and f u n c t i o n a l  p r o p e r t i e s
T h e  e f f e c t  o f  c h e m i c a l  m o d i f i c a t i o n  o n  t h e  f u n c t i o n a l  
p r o p e r t i e s  o f  p r o t e i n s  h a s  b e e n  r e v i e w e d  b y  F e e n e y  a n d  
W h i t a k e r  ( 1 9 7 7  a n d  1 9 8 2 ) ,  P o u r - E l  ( 1 9 7 9 )  a n d  S h u k l a  ( 1 9 8 2 ) .  
T h e  m a i n  m o d i f i c a t i o n s  w h i c h  a r e  r e p o r t e d  t o  a f f e c t  
f u n c t i o n a l  p r o p e r t i e s  a n d  a r e  r e l a t e d  t o  t h i s  s t u d y  a r e  
o u t !  i  n e d  b e l  o w .
1 . 1 1 . 1 .  A c y l a t i o n
P r i m a r i l y  a c e t y l  a t i o n  a n d  s u c c i n y l a t i o n  r e a c t i o n s  a r e  
t h e  m o s t  c o m m o n  m e t h o d s  o f  c h e m i c a l  m o d i f i c a t i o n  o f  f o o d  
p r o t e i n s .  A l t h o u g h  t h e r e  i s  s o m e  d i s a g r e e m e n t  o v e r  t h e  
f i n d i n g s  r e l a t e d  t o  t h e  c h a n g e s  i n  t h e  e m u l s i f i c a t i o n  a n d  
f o a m i n g  p r o p e r t i e s ,  m o s t  w o r k e r s  a g r e e  t h a t  a c y l a t i o n  
i m p r o v e s  s o l u b i l i t y  a n d  i n c r e a s e s  v i s c o s i t y  b u t  d e c r e a s e d  
h e a t  c o a g u l a t i o n .  T h e  e f f e c t  o f  a c y l a t i o n  o n  h e a t  
c o a g u l a t i o n  h a s  b e e n  r e p o r t e d  f o r  a  v a r i e t y  o f  p r o t e i n s  
i n c l u d i n g  3 -  c a s e i n  ( E v a n s  _e j t  1 9 7 1 ) ,  m y o s i n
( O p p e n h e i i n e r ,  1 9 6 7 ) ,  f i s h  p r o t e i n  ( G r o n i n g e r ,  1 9 7 3 ) ,  s o y  
b e a n  ( F r a n z e n  a n d  K i n s e l l a ,  1 9  7 6 a ) ,  c o t t o n s e e d  ( C h o i  e_t  a l . ,  
1 9 8 1 ) ,  l e a f  p r o t e i n  ( F r a n z e n  a n d  K i n s e l l a ,  1 9 7 6 b ) ,  y e a s t  
( S h e t t y  a n d  K i n s e l l a ,  1 9 7 9 ) ,  p e a n u t  ( B e a u c h a t ,  1 9 7 7 )  a n d  
w h e a t  p r o t e i n s  ( G r a n t ,  1 9 7 3 ) .
A w i d e l y  q u o t e d  s t u d y  o f  c h e m i c a l  m o d i f i c a t i o n  
i n f l u e n c i n g  f o o d  p r o t e i n  f u n c t i o n  i s  t h e  r e a c t i o n  o f  3 , 3 '  
d i m e t h y l  g l  u t a r i c  a n h y d r i d e  w i t h  e g g  w h i t e  p r o t e i n  ( G h a n d i  e t  
a l  . ,  1 9 6 8 ) .  T h e  r e a c t i o n  c o n f e r r e d  r e d u c e d  t h e r m a l
c o a g u l a t i o n  a n d  i n c r e a s e d  n e g a t i v e  c h a r g e .
11 . 1 1 . 2 .  A m i n o  a c i d  a t t a c h m e n t
T h e  a t t a c h m e n t  o f  a m i n o  a c i d s  a p p e a r s  t o  b e  a  s u i t a b l e  
m e a n s  b y  w h i c h  t o  i m p r o v e  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  a  
p r o t e i n  b y  c h e m i c a l  m o d i f i c a t i o n  w i t h o u t  a d v e r s e  t o x i c i t y  
p r o b l e m s .  T h e  m e t h o d s  u s e d ,  g e n e r a l l y ,  a r e  o f  t h r e e  t y p e s :  
c a r b o d i i m i d e  m e d i a t e d  c o n d e n s a t i o n  ( V o u t s i n a s  _ e t  a l . ,  1 9 7 9 ) ,
N - h y d r o x y s u c c i  n i m i  d e  e s t e r s  o f  a c y l a t e d  a m i n o  a c i d s  
( P u i g s e r v e r ,  _et _ a  1 . ,  1 9  7  9 )  o r  N - c a r b o x y l  a m i n o  a c i d
a n h y d r i d e s  ( G a e r t n e r  a n d  P u i g s e r v e r ,  1 9 8 4 ) .  T h e  f i r s t  
r e a c t i o n  c o u p l e s  a m i  n o  a c / i d s  t o  t h e  a c i d  g r o u p  w h e r e a s  t h e  
l a t t e r  t w o  r e a c t i o n s  a t t a c h  a m i n o  a c i d s  v i a  t h e  a m i n o  g r o u p .  
A l l  o f  t h e  r e a c t i o n s  r e s u l t  i n  t h e  a m i  n o  a c i d  j o i n e d  t h r o u g h  
a  p e p t i d e  b o n d ,  m a k i n g  t h e  p r o t e i n  r e a d i l y  a  v a  i l i a b l e  f o r  
d i g e s t i o n .  T h e  p r o c e d u r e s  f o r  a m i n o  a c i d  a t t a c h m e n t  a r e  
d e r i v e d  f r o m  m e t h o d s  f o r  p e p t i d e  s y n t h e s i s  a n d  i n  t h e  m a i n  
h a v e  b e e n  c a r r i e d  o u t  t o  i m p r o v e  t h e  n u t r i t i o n a l  v a l u e  o f  
t h e  p r o t e i n .  H o w e v e r ,  i n v e s t i g a t i o n s  r e l a t i n g  t o  t h e  c h a n g e s  
i n  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  t h e  r e s u l t a n t  p r o t e i n  h a v e  
b e e n  m i n i m a l .  P u i g s e r v e r  ( 1 9 8 2 )  r e p o r t e d  c h a n g e s  i n  t h e  
s o l u b i l i t y  o f  p o l y a s p a r t y l  a n d  p o l y t r y p t o p h a n y l  c a s e i n  b u t  
f o u n d  n o  c h a n g e  i n  v i s c o s i t y .  D e c r e a s e d  s o l u b i l i t y  w a s  a l s o  
n o t e d  i n  p o l y m e t h i o n y l  c a s e i n  c o m p a r e d  t o  t h e  n a t i v e  p r o t e i n  
( G a e r t n e r  a n d  P u i g s e r v e r ,  1 9 8 4 ) .
1 . 1 2 .  C o n c l u s i o n
A r e v i e w  o f  t h e  l i t e r a t u r e  i n d i c a t e d  t h e  l a c k  o f  
s y s t e m a t i c  s t u d i e s  r e l a t e d  t o  t h e  e f f e c t  o f  s p e c i f i c  
c h e m i c a l  m o d i f i c a t i o n s  o n  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  w e l l
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c h a r a c t e r i s e d  p r o t e i n s .  T h e r e f o r e  t h e  b e n e f i t s  o f  t h i s  
m e t h o d  f o r  i d e n t i f y i n g  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  h a s  
n o t  b e e n  f u l l y  e x p l o r e d .  C h e m i c a l  m o d i f i c a t i o n  o f  p r o t e i n s  
c a n  b e  u s e d  n o t  o n l y  t o  s e l e c t i v e l y  m o d i f y  r e a c t i v e  g r o u p s  
b u t  a l s o  t o  e n h a n c e  f u n c t i o n a l  p r o p e r t i e s .  I n  t h i s  s t u d y ,  a  
s p e c i f i c  p r o t e i n  n a m e l y  B S A  w a s  c h o s e n  a s  i t  i s  w e l l  
c h a r a c t e r i s e d  a n d  i s  a l s o  c h e a p l y  a v a i l a b l e  a s  a  b y - p r o d u c t  
o f  m e a t  p r o d u c t i o n .  I n  a d d i t i o n ,  a  s t a n d a r d  s e t  o f  
t e c h n i q u e s  f o r  t h e  a s s e s s m e n t  o f  t h e  e x t e n t  o f  m o d i f i c a t i o n  
a n d  p h y s i c o c h e m i c a l  a n d  f u n c t i o n a l  p r o p e r t i e s  w e r e  s e l e c t e d  
t o  e x a m i n e  a  w i d e  r a n g e  o f  c h e m i c a l  m o d i f i c a t i o n s .  T h e  
c h e m i c a l  m o d i f i c a t i o n s  e x a m i n e d  w e r e  c h o s e n  t o  i n c l u d e  t h e  
r e a c t i o n s  o f  t h e  a m i n o ,  c a r b o x y l  a n d  s u l p h y d r y l  g r o u p s  a n d  
t h e  r e d u c t i o n  o f  d i s u l p h i d e  b o n d s .
C h a p t e r  2  
M a t e r i a l s  a n d  M e t h o d s
2 . 1 .  M a t e r i a l s
B o v i n e  s e r u m  a l b u m i n  f r a c t i o n  V p o w d e r  9 6 - 9 9 %  A l b u m i n ;  
5 , 5 ' - D i t h i o b i s - ( 2 - n i t r o b e n z o i c  a c i d )  ( D T N B )  ( D  7 6 4 8 ) ;  
G u a n i d i n e  h y d r o c h l  o r i d e  ( G u - H C l )  G r a d e  1 ( G 4 5 0 5 ) ;  F o l i n  
C i o c a l t e u ' s  p h e n o l  r e a g e n t  ( F  9 2 5 2 ) ;  N N N ' N '  T e t r a m e t h y l  
e t h y l  e n e d i  a m i n e  ( T E M E D )  ( T  8 1 3 3 ) ;  N o r l e u c i n e  
C h r o m a t o g r a p h i c  s t a n d a r d  ( D  6 6 2 7 ) ;  0 - m e t h y l i s o u r e a  ( M  
8 8 9 3 ) ;  1 -  e t h y l - 3 - ( 3 - D i m e t h y l  a m i  n o p r o p y l ) c a r b o d i i m i d e ,
p r o t e i n  s e q u e n c i n g  g r a d e  ( E D C )  ( E 6 3 8 3 )  a n d  N - a c e t y l -  
h o m o c y s t e i n e  t h i o l a c t o n e  ( A  9 3  7 5 )  w e r e  o b t a i n e d  f r o m  S i g m a  
C h e m i c a l  C o m p a n y ,  P o o l e ,  D o r s e t  U K .
I s o e l e c t r i c  f o c u s i n g  g e l s  ( L K B  A m p h o l i n e  P A G  p l a t e s  p H 3 . 5 -  
9 . 5 )  ( 1 8 0 4 - 1 0 1 )  w i t h  a c c e s s o r i e s  a n d  b r o a d  r a n g e  s t a n d a r d s  
k i t  ( 1 7 - 0 4 7 1 - 0 1 )  w e r e  o b t a i n e d  f r o m  P h a r m a c i a  L a b o r a t o r y  
S e p a r a t i o n  U p p s a l a ,  S w e d e n .
c i s - P a r i n a r i c  a c i d  w a s  o b t a i n e d  f r o m  K a n d  K R a r e  a n d  F i n e  
C h e m i c a l s ,  K o d a k ,  K i r b y ,  L i v e r p o o l .
A l l  o t h e r  c h e m i c a l s  w e r e  a n a l y t i c a l  g r a d e  a n d  w e r e  o b t a i n e d  
f r o m  B D H  C h e m i c a l s  L t d ,  P o o l e  E n g l a n d .
2 . 2 .  E q u i p m e n t
M i l l i p o r e  P e l l  i c o n  c a s s e t t e  u l t r a f i l t r a t i o n  s y s t e m  w i t h  a  
p o l y s u l p h o n e  m e m b r a n e  w i t h  a  r e l a t i v e  m o l e c u l a r  m a s s  c u t  o f f  
a t  1 0 , 0 0 0  D a l t o n s ;  d i g i t a l  u l t r a v i o l e t  s p e c t r o p h o t o m e t e r  
C E 2 9 2  C e c i l  I n s t r u m e n t s  L t d ,  C a m b r i d g e ;  K j e l d a h l  T e c a t o r  
s y s t e m  1 ;  A u t o b u r e t t e  A B U  1 2 ,  R a d i o m e t e r ,  C o p e n h a g e n  D e n m a r k ;  
l u m i n e s c e n c e  s p e c t r o m e t e r  L S - 5  P e r k i n  E l m e r  L t d ,  
B e a c o n s f i e l d  ; L K B  2 1 9 7  p o w e r  s u p p l y ;  p r o t e a n  c e l l  v e r t i c a l
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s l a b  g e l  e l  e c t  r o p  h o  r  e s  i  s  e q u i p m e n t  ( B i o r a d  U K  L t d ,  W a t f o r d ) ;  
L K B  f l a t  b e d  i s o e l e c t r i c  f o c u s i n g  e q u i p m e n t ;  A u t o d i c h r o g r a p h  
S p e c t r o m e t e r  m a r k  V f o r  c i r c u l a r  d i c h - r o i s m  ( J o b i n  Y v o n ,  
L o n g j u m e a u ,  F r a n c e ) ;  H o b a r t  N 5 0  b e n c h  m i x e r  e q u i p p e d  w i t h  a  
D w i r e  l o o p  w h i p ;  D a w e  S o n i p r o b e  t y p e  7 5 3 2 6  ( U l t r a s o n i c  L t d ,  
L o n d o n ;  C a m b r i d g e  I n s t r u m e n t s  Q u a n t i m e t  i m a g e  a n a l y s e r  9 2 0 ;  
I n s t r o n  u n i v e r s a l  t e s t i n g  e q u i p m e n t  1 1 4 0  ( I n s t r o n  L t d ,  H i g h  
W y c o m b e )  a n d  W a t e r s  P i c o t a g  a m i n o  a c i d  a n a l y s e r  ( M i l l i p o r e  
C o r p o r a t i o n ,  M i l f o r d ,  M a s s a c h u s e t t s ,  U S A .  C o m p u t e r  m o d e l l i n g  
w a s  c a r r i e d  o u t  u s i n g  a  S i g m e x  6 1 3 0  g r a p h i c s  w o r k  s t a t i o n  
a t t a c h e d  t o  a  M i c r o V a x  I I  h o s t  c o m p u t e r  w i t h  a c c e s s  t o  t h e  
B r o o k h a v e n  p r o t e i n  d a t a  b a s e ,  a n d  C h e m - X ,  C h e m - p r o t e i n ,  
S y b y l ,  A s t r a l ,  a n d  C o s m i c  s o f t w a r e
2 . 3 .  M e t h o d s
2 . 3 . 1 .  D e t e r m i n a t i o n  o f  P r o t e i n  C o n c e n t r a t i o n
2 . 3 . 1 . 1 .  C o o m a s s i e  B l u e  M e t h o d
C o o m a s s i e  B l u e  r e a g e n t  w a s  p r e p a r e d  b y  d i s s o l v i n g  
9 6 m g  C o o m a s s i e  b r i l l i a n t  b l u e  ( G 2 5 0 )  i n  5 0 m l  e t h a n o l  ( 9 6 % ) .  
O r t h o p h o s p h o r i c  a c i d  ( 1 0 0 m l )  w a s  d i l u t e d  w i t h  4 0 0 m l  
d i s t i l l e d  w a t e r  a n d  w a s  t h e n  a d d e d  t o  t h e  e t h a n o l  s o l u t i o n .  
T h e  C o o m a s s i e  b l u e  r e a g e n t  w a s  d i l u t e d  t o  1 1 ,  s t i r r e d  f o r  
t w o  h o u r s  a n d  f i l t e r e d  t h o u g h  W h a t m a n  N o  1 f i l t e r  p a p e r .  
T h e  s o l u t i o n  o b t a i n e d  w a s  s t a b l e  f o r  4  m o n t h s ,  d u r i n g  w h i c h  
t i m e  t h e  a b s o r b a n c e  a t  4 6  5 n m  r e m a i n e d  0 . 8 ± 0 . 1 .
D e t e r m i n a t i o n  o f  p r o t e i n  c o n c e n t r a t i o n  w a s  c a r r i e d  o u t  
a c c o r d i n g  t o  L o t t  ( 1 9 8 3 )  w h e r e  l O O y l  o f  a  0 . 1 %  ( w / v )  p r o t e i n
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s o l u t i o n  w a s  m i x e d  w i t h  5 m l  C o o m a s s i e  b l u e  r e a g e n t  a n d  l e f t  
t o  r e a c t  f o r  5 m i n .  T h e  a b s o r b a n c e  o f  t h i s  s o l u t i o n  w a s  r e a d  
a t  5 9 5 n m  i n  a C e c i l  I n s t r u m e n t s  C E 2 9 2  D i g i t a l  U l t r a v i o l e t  
s p e c t r o p h o t o m e t e r .  E v a l u a t i o n  o f  t h i s  m e t h o d  i n d i c a t e d  a  
b e t w e e n  a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  7 %.
2 . 3 . 1 . 2 .  U l t r a v i o l e t  a b s o r p t i o n  s p e c t r o p h o t o m e t r y
T h e  p r o t e i n  c o n c e n t r a t i o n  o f  a  0 . 4 %  ( w / v )  s o l u t i o n  i n  
d i s t i l l e d  w a t e r  w a s  m e a s u r e d  b y  t h e  a b s o r b a n c e  a t  2 8 0 n m  
( W a r b u r g  a n d  C h r i s t a i n ,  1 9 4 1 )  u s i n g  a n  v a l u e  o f  6 . 2
( K i r s c h e n b a u m ,  1 9 7 1 )  i n  a  s p e c t r o p h o t o m e t e r .  E v a l u a t i o n  
o f  t h i s  m e t h o d  i n d i c a t e d  a  b e t w e e n  a s s a y  c o e f f i c i e n t  o f  
v a r i a t i o n  o f  9 % .
2 .  3 . 1 . 3 .  L o w r y  M e t h o d
T h e  L o w r y  ( 1 9 5 4 )  p r o t e i n  d e t e r m i n a t i o n  w a s  c a r r i e d  
o u t  u s i n g  t h e  H a r t r e e  m o d i f i c a t i o n  ( 1 9 7 2 ) .
R e a g e n t s  w e r e  m a d e  u p  a s  f o l l o w s :
S o l u t i o n  A 
2 g  P o t a s s i u m  s o d i u m  t a r t r a t e  
l O O g  D i s o d i u m  c a r b o n a t e  ( N a g C C ^ )
D i s s o l v e d  i n  5 0 0 m l  1 M N a O H  a n d  d i l u t e d  t o  1 1  w i t h  d i s t i l l  e d  
w a t  e r .
S o l u t i o n  B 
2 g  P o t a s s i u m  s o d i u m  t a r t r a t e  
l g  C o p p e r  s u l p h a t e  ( C u S O ^  B H g O )
D i s s o l v e d  i n  9 0 m l  d i s t i l l e d  w a t e r  a n d  m a d e  u p  t o  1 0 0 m l  w i t h  
1 M N a O H .
S o l u t i o n  C ( m a d e  u p  o n  t h e  d a y  o f  t e s t )
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1 v o l  F o l i n - C i o c a l t e u  r e a g e n t  
1 5  v o l  d i s t i l l e d  w a t e r
A 0 . 1 %  ( w / v )  p r o t e i n  s o l u t i o n  ( 1 m l )  w a s  m i x e d  w i t h  
0 . 9 m l  o f  s o l u t i o n  A ,  h e a t e d  i n  a  w a t e r  b a t h  a t  5 0 ° C  a n d  
c o o l e d  t o  r o o m  t e m p e r a t u r e .  S o l u t i o n  B ( 0 . 1 m l )  w a s  a d d e d  
a n d  t h e  m i x t u r e  w a s  l e f t  f o r  1 0 m i n  t o  r e a c t .  A n  a l i q u o t  
( 3 m l )  o f  s o l u t i o n  C w a s  r a p i d l y  a d d e d  a n d  t h e  t u b e s  w e r e  
h e a t e d  t o  5 0 ° C  f o r  l O m i n .  T h e  s o l u t i o n s  w e r e  c o o l e d  a n d  t h e  
a b s o r b a n c e  m e a s u r e d  a t  6 5 0 n m .  E v a l u a t i o n  o f  t h i s  m e t h o d  
i n d i c a t e d  a b e t  w e e  n a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 0 % .
2 . 3 . 1 . 4 .  K j e l d a h l  M e t h o d
D e t e r m i n a t i o n  o f  n i t r o g e n  c o n t e n t  b y  t h e  K j e l d a h l  
m e t h o d  w a s  m a d e  u s i n g  a  T e c a t o r  K j e l t e c  s y s t e m  1 .  T h e  
a n a l y s i s  w a s  c a r r i e d  o u t  a c c o r d i n g  t o  t h e  a p p l i c a t i o n  n o t e s  
p r o v i d e d  w i t h  t h e  e q u i p m e n t  u s i n g  0 . 2 g  p r o t e i n .
T h e  p r o t e i n  a n d  b l a n k  s a m p l e s  w e r e  d i g e s t e d  w i t h  2 0 m l  
c o n c e n t r a t e d  s u l p h u r i c  a c i d  a n d  t w o  s e l e n i u m  c a t a l y s t  
t a b l e t s  i n  s e a l e d  t u b e s  a t  4  2 0 ° C  f o r  1 . 5  h o u r s .  T h e  t u b e s  
w e r e  l e f t  t o  c o o l  a n d  d i l u t e d  w i t h  7 5 m l  d i s t i l l e d  w a t e r .  
A f t e r  t h e  a d d i t i o n  o f  a l k a l i  t h e  n i t r o g e n o u s  p r o d u c t s  w e r e  
d i s t i l l e d  o v e r  i n t o  2 5 m l  o f  a  4 % ( w / v )  b o r i c  a c i d  s o l u t i o n  
f o r  5 m i n  i n  t h e  T e c a t o r  d i s t i l l a t i o n  u n i t .  T h e  d i s t i l l a t e  
w a s  t h e n  b a c k  t i t r a t e d  w i t h  0 . 1 M  H C 1  u s i n g  b r o m o c r e s o l  
g r e e n / m e t h y l  r e d  i n d i c a t o r  s o l u t i o n .
T h e  p e r c e n t  n i t r o g e n  ( N )  a n d  p r o t e i n  ( P )  w e r e  c a l c u l a t e d
u s i n g  t h e  f o l l o w i n g  f o r m u l a e  ( E g a n  _ e t  a l 1 9  8 1 ) :
%N = 1 4 . 0 1  X ( S a m p l e  t i t r a n t  ( m l )  -  b l a n k  t i t r a n t  ( m l ) )
g  o f  s a m p l e  X 1 0 0
% P = N X 6 . 2 5
3 4
2.  3 . 1 . 5 .  N i n h y d r i n  Me t h o d
P r o t e i n  d e t e r m i n a t i o n  u s i n g  N i n h y d r i n  w a s  m a d e  
a c c o r d i n g  t o  M o o r e  a n d  S t e i n  ( 1 9 4 8 ,  1 9 5 4 ) .  A s o l u t i o n  o f  
N i n h y d r i n  w a s  m a d e  a s  d e s c r i b e d  b e l o w :
3 0 m l  0 . 2 M  c i t r a t e  b u f f e r  p H 5
3 0 m l  4 % ( w / v )  N i n h y d r i n  s o l u t i o n  i n  2 - e t h o x y e t h a n o l  
l m l  s t a n n o u s  c h l o r i d e  s u s p e n s i o n  o f  5 0 m g / m l  i n  C i t r a t e  
b u  f f e r
N i n h y d r i n  s o l u t i o n  ( l m l )  w a s  m i x e d  w i t h  l m l  o f  a  0 . 0 4 %  ( w / v )  
p r o t e i n  s o l u t i o n  a n d  p l a c e d  i n  a  b o i l i n g  w a t e r  b a t h  f o r  
5 m i n .  T h e  m i x t u r e s  w e r e  d i l u t e d  w i t h  5 m l  d i s t i l l e d  w a t e r  
a n d  t h e  a b s o r b a n c e  r e a d  a t  5 8 0 n m .  E v a l u a t i o n  o f  t h i s  m e t h o d  
i n d i c a t e d  a  b e t w e e n  a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 0 % .
2 . 3 . 2 .  S u l p h y d r y l  g r o u p  m e a s u r e m e n t
2 . 3 . 2 . 1 .  M e a s u r e m e n t  o f  s u l p h y d r y l  g r o u p s  i n  n a t i v e  
p r o t e i  n s
F r e e  s u l p h y d r y l  g r o u p s  w e r e  m e a s u r e d  b y  t h e  m e t h o d  o f  
H o s h i  a n d  Y a m a u c h i  ( 1 9 8 3 )  u s i n g  a  r e a c t i o n  d i s c o v e r e d  b y  
E l l m a n  i n  1 9 5  9 .  T h e  s o l u t i o n s  r e q u i r e d  w e r e  m a d e  u p  a s  
b e l  o w :
E l l m a n ' s  b u f f e r  p H  7 . 0 :
0 .  3 5 4 g  K H 2 P 0 4  
7 . 4 1 7 g  K 2 H P 0 4  
2 3 . 3 g  N a C l  
0 .  3  7 2 g  ED T A
3 5
Ma d e  u p  t o  11 w i t h  d i  s t i l l e d  w a t e r
R e a g e n t  b u f f e r
3 6 . 9 m g  D T N B  ( 5 , 5 ‘ D i t h i o b i s - ( 2 - n i t r o b e n z o i c  a c i d ) )
M a d e  u p  d a i l y  t o  1 0 m l  w i t h  a  s i m p l e  p h o s p h a t e  b u f f e r  p H  7 . 0 .
S u l p h y d r y l  ( S H )  g r o u p s  w e r e  m e a s u r e d  u s i n g  0 . 2 %  ( w / v )  
p r o t e i n  s o l u t i o n s  ( 1 m l )  m i x e d  w i t h  2 m  1 o f  E l l m a n ' s  b u f f e r  
a n d  5 0  p i  D T N B  r e a g e n t .  T h e  s o l u t i o n s  w e r e  l e f t  f o r  1 0  m i n  
t o  r e a c t  a n d  t h e  a b s o r b a n c e  r e a d  a t  4 1 5 n m .  S u l p h y d r y l  
g r o u p s  w e r e  c a l c u l a t e d  u s i n g  E 1 ? £ l c m  1 3 6 0 0  a n d  a  m o l e c u l a r  
w e i g h t  o f  B S A  o f  6 6 , 0 0 0 .  S i n c e  t h e  r e a c t i o n  d e p e n d s  u p o n  
t h e  S H  g r o u p s  b e i n g  i n  t h e  r e d u c e d  s t a t e ,  m e a s u r e m e n t s  w e r e  
a l s o  m a d e  o n  p r o t e i n  s o l u t i o n  a n d  b u f f e r  m i x t u r e s  w h i c h  h a d  
b e e n  l e f t  u n d e r  a  g e n t l e  f l o w  o f  n i t r o g e n  g a s  f o r  
c o m p a r i s o n .  E v a l u a t i o n  o f  t h i s  m e t h o d  i n d i c a t e d  a  b e t w e e n  
a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  1 0 %  w i t h  a  d e t e c t i o n  l i m i t  
o f  1 X 1 0 “ ^ M s u l p h y d r y l  g r o u p s .
2 . 3 . 2 . 2 .  M e a s u r e m e n t  o f  s u l p h y d r y l  g r o u p s  i n  d e n a t u r e d  
p r o t e i  n s
T h e  p r o t e i n s  e x a m i n e d  w e r e  d e n a t u r e d  b y  t h e  p r e s e n c e  o f  
6 M g u a n i d i n e  h y d r o c h i o r i d e  ( G u - H C l )  i n  t h e  r e a c t i o n  b u f f e r  
d e s c r i b e d  b e l o w  ( H o s h i  a n d  Y a m a u c h i ,  1 9 8 3 ) .
D e n a t u r a t i o n  B u f f e r  p H  7 . 0  
5 4 3 g G u - H C l  
0 . 3 5 4 g  K H 2 P 0 4
7 . 4  1 7 g  K 2 H P 0 4  
2 3 . 3 g  N a C I  
0  . 3  7 2 g  ED TA
M a d e  u p  t o  1 1  w i  t h  d i  s t i l l e d  w a t e r
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P r o t e i n  s o l u t i o n s  ( l m l )  w e r e  m i x e d  w i t h  2  m 1 o f  t h e
d e n a t u r a t i o n  b u f f e r  a n d  r e a c t e d  w i t h  D T N B  r e a g e n t  i n  t h e
s a m e  w a y  a s  n a t i v e  p r o t e i n s  ( s e e  m e t h o d  s e c t i o n  2 . 3 . 2 . 1 . )
2 . 3 . 3 .  p H  T i t  r a t i  o n
P r o t e i n s  w e r e  t i t r a t e d  u s i n g  a n  A u t o b u r e t t e  ( R a d i o m e t e r  
C o p e n h a g e n  A B U 1 2 ) .  A 1 % ( w / v )  p r o t e i n  s o l u t i o n  ( 2 5 m l )  w a s  
f o u n d  t o  g i v e  a  g o o d  r e s p o n s e  w h e n  t i t r a t e d  a g a i n s t  0 . 3 M  
h y d r o c h l o r i c  a c i d .  T h e  p H  w a s  i n i t i a l l y  m a d e  9 . 5  w i t h  1 M
N a O H  a n d  t h e  d r o p  i n  p H  w a s  r e c o r d e d  u p o n  a d d i t i o n  o f  a c i d
i n  5 O - l O O y  1 a l i q u o t s .
2 . 3 . 4 .  H y d r o p h o b i  c i  t y
H y d  r o p  h o b i  c  i  t y  w a s  m e a s u r e d  u s i n g  t h e  f l u o r e s c e n c e  
p r o b e  c i s - p a r i n a r i c  a c i d  ( C P A )  w h i c h  h a s  b e e n  s h o w n  b y  K a t o  
a n d  N a k a i  ( 1 9 8 0 )  t o  c o r r e l a t e  w i t h  h y d  r o p h o b i  c  i  t y  m e a s u r e d  
u s i n g  p a r t i t i o n  t e c h n i q u e s  a n d  i n t e r f a c i a l  t e n s i o n .  T h e s e  
m e a s u r e m e n t s  w e r e  r e l a t e d  t o  f u n c t i o n a l  p r o p e r t i e s .
2 . 3 . 4 . 1 .  M e a s u r e m e n t  o f  h y d r o p h o b i c i t y  i n  n a t i v e  p r o t e i n s .
c i s -  P a r i n a r i c  a c i d  w a s  m a d e  u p  i n  e t h a n o l  a t  a  
c o n c e n t r a t i o n  o f  3 . 6  X 1 0  “  ^ M ,  p u r g e d  w i t h  n i t r o g e n  a n d  a n  
e q u i m o l a r  a m o u n t  o f  b u t y l a t e d  h y d r o x y t o l u e n e  a d d e d  a s  a n  
a n t i  o x i d a n t .  A s t o c k  s o l u t i o n  o f  B S A  ( 0 . 1 % )  ( w / v )  w a s  m a d e  
u p  i n  p h o s p h a t e  b u f f e r - ( 0 . 1 M  p H 7 . 4 )  a n d  d i l u t e d  t o  g i v e  a  
r a n g e  o f  c o n c e n t r a t i o n s  f r o m  0 . 0 1 %  t o  0 . 0 0 1 %  p r o t e i n .  
F l u o r e s c e n c e  w a s  m e a s u r e d  i n  a  P e r k i n  E l m e r  L S - 5
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l u m i n e s c e n c e  s p e c t r o m e t e r  a t  a n  e x c i t a t i o n  w a v e l e n g t h  o f  
3 2 5 n m  a n d  e m i s s i o n  a t  4 2 0 n m .  T h e  r e a c t i o n  w a s  e x t r e m e l y  
r a p i d  a n d  t h e r e f o r e  f l u o r e s c e n c e  w a s  r e c o r d e d  b e f o r e  a n d  1 5  
s e c o n d s  a f t e r  t h e  a d d i t i o n  o f  l O j i l  o f  C P A  t o  2 m l  o f  t h e  
p r o t e i n  s a m p l e s .  A r e a g e n t  b l a n k  o f  b u f f e r ,  a n d  a  s t a n d a r d  
( N - d e c a n e )  w e r e  a l s o  m e a s u r e d .  F l u o r e s c e n c e  i n t e n s i t y  w a s  
p l o t t e d  a g a i n s t  c o n c e n t r a t i o n ,  a n d  t h e  g r a d i e n t  i n d i c a t e d  
r e l a t i v e  h y d r o p h o b i c i t y .  E v a l u a t i o n  o f  t h i s  m e t h o d  
i n d i c a t e d  a ^ e t w e e n  a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  3 5 % .
2 . 3 . 4 . 2 .  M e a s u r e m e n t  o f  h y d r o p h o b i c i t y  i n  t h e  p r e s e n c e  o f  
2 0 m g  l i t r e - 1  s o d i u m  d o d e c y l  s u l p h a t e  ( S D S ) .
K a t o  a n d  N a k a i  ( 1 9 8 0 )  d e m o n s t r a t e d  t h a t  a  h i g h e r  
c o r r e l a t i o n  w a s  f o u n d  b e t w e e n  h y d r o p h o b i c i t y  a n d  t h e  
e m u l s i f i c a t i o n  p r o p e r t i e s  i f  2 0 m g  l i t r e " 1 S D S  w a s  a d d e d  t o  
t h e  b u f f e r .  T h e  p r e s e n c e  o f  t h i s  s m a l l  a m o u n t  o f  S D S  
r e s u l t e d  i n  a  d e g r e e  o f  d e n a t u r a t i o n  e q u a t i n g  t o  t h a t  
p r o d u c e d  b y  w o  r  k i n g  t h e  p r o t e i n  t o  f o r m  a n  e m u l s i o n .
A s t o c k  s o l u t i o n  o f  0 . 1 %  ( w / v )  p r o t e i n  w a s  m a d e  u p  i n  
t h e  0 . 1 M  p h o s p h a t e  b u f f e r  ( p H 7 . 4 )  c o n t a i n i n g  2 0 m g  l i t r e " 1 
S D S  a n d  t h e  h y d r o p h o b i c i t y  m e a s u r e d  i n  t h e  s a m e  w a y  a s  
d e s c r i b e d  i n  s e c t i o n  2 . 3 . 4 . 1 .  E v a l u a t i o n  o f  t h i s  m e t h o d  
i n d i c a t e d  a b e t w  e  e n  a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  3 8 % .
2 . 3 . 4 . 3 .  M e a s u r e m e n t  o f  h y d r o p h o b i c i t y  i n  h e a t  d e n a t u r e d  
p r o t e i  n s „
T h e  e f f e c t  o f  h e a t  d e n a t u r a t i o n  o n  t h e  h y d r o p h o b i c i t y  
o f  p r o t e i n s  w a s  m e a s u r e d  u s i n g  a  0 . 1  o r  a  1 . 5 %  ( w / v )  p r o t e i n  
s t o c k  s o l u t i o n .  T h e  s a m p l e s  w e r e  p l a c e d  i n  a  b o i l i n g  w a t e r
3 8
b a t h  f o r  1 0  m i n ,  c o o l e d  i n  i c e  a n d  t h e  h y d  r  o p  h o  b  i  c  i  t y  w a s  
m e a s u r e d  ( s e c t i o n  2 . 3 . 4 . 1 . ) .  E v a l u a t i o n  o f  t h i s  m e t h o d  
o b t a i n e d  a  b  f e t w  e  e  n a s s  a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  3 1 % .
2 . 3 . 4 . 4 .  M e a s u r e m e n t  o f  h y d r o p h o b i c i t y  o f  h e a t  d e n a t u r e d  
p r o t e i n  i n  t h e  p r e s e n c e  o f  s o d i u m  d o d e c y l  s u l p h a t e
T o w n s e n d  a n d  N a k a i  ( 1 9 8 3 )  s t u d i e d  t h e  r e l a t i o n s h i p  
b e t w e e n  h y d r o p h o b i c i t y  a n d  f o a m i n g  p r o p e r t i e s  a n d  f o u n d  t h a t  
a  c o r r e l a t i o n  r e s u l t e d  o n l y  w h e n  t h e  p r o t e i n  w a s  b o i l e d  i n  
t h e  p r e s e n c e  o f  a n  e q u a l  w e i g h t  o f  S D S .  T h e  c o n c e n t r a t i o n  
o f  p r o t e i n  a n d  S D S  u s e d  w a s  1 . 5 %  ( w / w ) .  H y d r o p h o b i c i t y  w a s  
m e a s u r e d  a s  d e s c r i b e d  i n  s e c t i o n  2 . 3 . 4 . 1 .
2 . 3 . 5 .  E l e c t r o p h o r e s i  s
2 . 3 . 5 . 1 .  I s o e l e c t r i c  f o c u s i n g
S o l u t i o n s  r e q u i r e d  w e r e  m a d e  u p  a s  b e l o w :
F i x i n g  s o l u t i o n
1 7 . 3 g  s u l p h o s a l i c y l i c  a c i d
5  7 -  5 g  t r i c h ! o r o a c e t i c  a c i d
D i s s o l v e d  i n  5 0 0 m l  d i s t i l l e d  w a t e r
S t a i n i n g  s o l u t i o n
0 . 4 6 0 g  C o o m a s s i e  b l u e  R 2 5 0
D i s s o l v e d  i n  4 0 0 m l  d e s t a i n i n g  s o l u t i o n
D e s t  a i  n e r
5 0 0 m l  e t h a n o l
1 6 0 m l  g l a c i a l  a c e t i c  a c i d
D i l u t e d  t o  21 w i t h  d i s t i l l e d  w a t e r
P r e s  e r v  i  n g  s o l u  t  i  o n  
5 0 m l  g l y c e r o l
D i s s o l v e d  i n  5 0 0 m l  o f  d e s t a i n e r
I s o e l e c t r i c  f o c u s i n g  w a s  c a r r i e d  o u t  o n  L KB A m p h o l i n e  
P A G  p l a t e s  ( p H  3 . 5  -  1 0 . 0 )  u s i n g  1 . 0 M  N a O H  a s  t h e  a n o d e  
b u f f e r  a n d  1 . 0 M  H 2 P 0 4  a s  t h e  c a t h o d e  b u f f e r .  T h e  b e d  w a s
c o o l e d  w i t h  c o l d  w a t e r  r u n n i n g  c o n s t a n t l y .  S a m p l e s  ( 1 0 y 1 )  
w e r e  a p p l i e d  o n  t o  f i l t e r  p a p e r  a p p l i c a t i o n  s t r i p s  i n  
c o n t a c t  w i t h  t h e  g e l .  T h e  g e l  w a s  r u n  a t  a  c o n s t a n t  v o l t a g e  
o f  1 5 0 0  V o l t s  w i t h  3 0  W a t t s  o f  p o w e r  a n d  a  c u r r e n t  o f  5 0  
m i l l i A m p s .  A f t e r  3 0  m i n  t h e  s a m p l e  a p p l i c a t o r  s t r i p s  w e r e  
r e m o v e d  a n d  t h e  r u n  c o n t i n u e d  f o r  a n  a d d i t i o n a l  h o u r .  T h e  
p H  g r a d i e n t  w a s  d e t e r m i n e d  w i t h  t h e  a i d  o f  a  c a l i b r a t i o n  k i t  
w i t h  a  b r o a d  p H  r a n g e .  T h e  g e l  w a s  f i x e d  f o r  3 0  t o  6 0  m i n ,  
s t a i n e d  o v e r n i g h t  a n d  d e s t a i n e d  u n t i l  t h e  b a c k g r o u n d  w a s  
c l e a r  ( W i n t e r s  _e_t a  1 . ,  1 9 7 2 ) .  E v a l u a t i o n  o f  t h i s  m e t h o d
i n d i c a t e d  a  b  e t  w e e n a s s a y  c o e f f i c i e n t  o f  v a r i a t i o n  o f  2 %.
2 . 3 . 5 . 2 .  N o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l  a m i d e  g e l  
e l e c t r o p h o r e s i s  ( N a t i v e - P A G E )
T h e  s o l u t i o n s  a n d  g e l  m i x t u r e s  w e r e  m a d e  u p  a s  f o l l o w s :  
A c  r y 1 a m i  d  e  s t o c k  s o l u t i o n  
3  Og  A c  r y  1 a m  i  d  e  
0 . 8 g  B i  s  a c  r y 1 a m  i  d e
D i s s o l v e d  a n d  d i l u t e d  t o  1 0 0 m l  w i t h  d i s t i l l e d  w a t e r ,  
f i l t e r e d  t h r o u g h  W h a t m a n  N o . l  f i l t e r  p a p e r  a n d  s t o r e d  i n  a  
d a r k  b o t t l  e  a t  4 ° C .
S  t  a  c  k i  n g  g  e l  b u f f e r  s t o c k  s o l u t i o n
T r i  s  ( h y d  r o x y m e t h y l  ) - a m i  n o m e t h a n e  ( T r i s ) - H C l  b u f f e r ,  p H  6 . 8 ,
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6 g  o f  t r i s  d i s s o l v e d  i n  4 0  m l  w a t e r ,  t i t r a t e d  t o  p H 6 . 8  w i t h  
1 M HC1  a n d  d i l u t e d  t o  1 0  0 m l  w i t h  d i s t i l l e d  w a t e r .
R e s o l v  i  n g  b u f f e r  s t o c k  s o l u t i o n
T r i s - H C l  b u f f e r ,  p H  8 . 8 ,  3  6 . 3  g  t r i s  d i s s o l v e d  i n  8 0 m l
d i s t i l l e d  w a t e r ,  t i t r a t e d  t o  p H  8 . 8  w i t h  1 M H C L  a n d  d i l u t e d  
t o  1 0 0 m l  w i t h  d i s t i l l e d  w a t e r . .
R e s  e r v o i  r  b u f f e r  s t o c k  s o l u t i o n  
T r i s - g l y c i n e  b u f f e r  p H  8 . 3  
3  .  0  g  T r i s  
1 4 . 4 g  G l y c i  n e
D i s s o l v e d  a n d  d i l u t e d  t o  11  w i t h  d i s t i l l e d  w a t e r .
R e s o l  v i  n g  G e l  ( 7 . 5 %  ( w /  v ) A c r y  1 a m i d e )
D i s t i l l e d  w a t e r  3 4 . 5 m l
A c r y l  a m i d e - B i  s  s t o c k  s o l u t i o n  ( 3 0 : 0 . 8 )  1 5 m l
R e s o l v i n g  b u f f e r  s t o c k  s o l u t i o n  7 . 5 m l
1 . 5 %  ( w / v )  A m m o n i u m  p e r s u l p h a t e  i n  w a t e r  3 m l
N N N ' N ' t e t r a m e t h y l  e t h y l  e n e d i  a m i  n e  ( T E M E D )  3 O jj 1
S  t  a c k  i  n g  G e l  ( 3 . 0 %  ( w / v )  A c  r y  1 a m i d e )
D i s t i l l e d w a t e r  1 0 m l
A c  r y l  a m i  d e - B  i  s  s t o c k  s o l u t i o n  ( 3 0 : 0 . 8 )  2 . 5 m l
S t a c k i n g  g e l  b u f f e r  s t o c k  s o l u t i o n  5 m l
1 . 5 %  ( w / v )  A m m o n i u m  p e r s u l p h a t e  s o l u t i o n  1 . 5 m l
T E M E D  1 5  p i
F i x i n g  s o l u t i o n
D i s t i l l e d  w a t e r ,  m e t h a n o l  a n d  g l a c i a l  a c e t i c  a c i d  m i x e d  i n  
t h e  r a t i o  o f  1 9 : 2 5 : 6  b y  v o l u m e .
S t a i n i n g  s o l u t i o n
C o o m a s s i e  b l u e  R 2 5 0  ( 0 . 1 % )  ( w / v )  d i s s o l v e d  i n  a  m i x t u r e  o f  
d i s t i l l e d  w a t e r ,  m e t h a n o l ,  a n d  g l a c i a l  a c e t i c  a c i d  i n  t h e  
r a t i o  o f  5 : 5 : 2  b y  v o l u m e .
D e s t  a i  n i  n g  s o l u t i o n
D i s t i l l e d  w a t e r ,  m e t h a n o l  a n d  g l a c i a l  a c e t i c  a c i d  m i x e d  i n  
t h e  r a t i o  o f  3 1 : 5 : 2  b y  v o l u m e .
S a m p ! e  b u f f e r
S u c r o s e  ( 2 0 %  w / v )  a n d  0 . 4 %  ( w / v )  b r o m o p h e n o l  b l u e  w e r e
d i s s o l v e d  i n  s t a c k i n g  g e l  b u f f e r  s t o c k  a n d  d i l u t e d  1 : 1  w i t h  
a  0 . 5 %  ( w / v )  p r o t e i n  s o l u t i o n .
P o l y a c r y l  a m i d e  g e l  e  1 e c t  r o p  h o  r  e s  i  s  ( P A G E )  w a s  c a r r i e d  
o u t  a c c o r d i n g  t o  N a m e s  a n d  R i c k w o o d  ( 1 9 8 5 )  u s i n g  a  p r o t e a n  
c e l l .  T h e  r e s o l v i n g  g e l  m i x t u r e  w a s  d e g a s s e d  p r i o r  t o  t h e  
a d d i t i o n  o f  t h e  p o l y m e r i s i n g  a g e n t  a m m o n i u m  p e r s u l p h a t e  a n d  
c a t a l y s t  T E M E D .  T w o  v e r t i c a l  s l a b  g e l s  w e r e  p o u r e d ,  
o v e r l a y e d  w i t h  s t a c k i n g  g e l  b u f f e r  s t o c k  a n d  a l l o w e d  t o  s e t .  
T h e  s t a c k i n g  g e l  b u f f e r  s t o c k  w a s  t h e n  p o u r e d  o f f  b e f o r e  
p o u r i n g  t h e  s t a c k i n g  g e l ,  i n t o  w h i c h  a  1 0  w e l l  c o m b  w a s  
i n s e r t e d .  S a m p l e s  ( 1 0 y l )  w e r e  l o a d e d ,  a n d  t h e  t w o  g e l s  w e r e  
p l a c e d  i n t o  t h e  e l e c t r o p h o r e s i s  t a n k .  E l e c t r o p h o r e s i s  w a s  
p e r f o r m e d  a t  c o n s t a n t  v o l t a g e  i n i t i a l l y  a t  1 2 0  V o l t s  w h i l s t  
t h e  p r o t e i n s  w e r e  s t a c k i n g  f o l l o w e d  b y  2 0 0  V o l t s  d u r i n g  
s e p a r a t i o n .
T h e  g e l s  w e r e  f i x e d  f o r  3 0  t o  6 0  m i n ,  s t a i n e d  o v e r n i g h t  
a n d  d e s t a i n e d  u n t i l  t h e  b a c k g r o u n d  w a s  c l e a r .  E v a l u a t i o n  o f  
t h i s  m e t h o d  i n d i c a t e d  a  b e t w e e n  a s s a y  c o e f f i c i e n t  o f  
v a r i a t i o n  o f  5 % .
2 . 3 . 5 . 3 .  N o n - d i s s o c i a t i n g  b a s i c  p o l y a c r y l a m i d e  g e l  
e l  e c t r o p h o r e s i s
S o l u t i o n s  f o r  t h e  s e p a r a t i o n  o f  p o s i t i v e  p r o t e i n s  
b y  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  w e r e  m a d e  a s  b e l o w ;
St a c k i n g  gel  b u f f e r  s t ock  s o l u t i o n
A c e t i c  a c i d - p o t a s s i u m  h y d r o x i d e  b u f f e r ,  pH 6 . 8 , 48ml  1M 
po t ass i um h y d r o x i d e  was added t o  2.9ml  g l a c i a l  a c e t i c  a c i d ,  
t i t r a t e d  t o  pH 6 . 8  w i t h  g l a c i a l  a c e t i c  a c i d  and d i l u t e d  t o  
1 0 0 ml w i t h  d i s t i l l e d  wa t e r .
Reso l v i  ng b u f f e r  s t ock  s o l u t i o n
A c e t i c  a c i d - p o t a s s i u m  h y d r o x i d e  b u f f e r ,  pH 4 . 3 ,  48ml  1M 
po t ass i um h y d r o x i d e  and 17.2ml  g l a c i a l  a c e t i c  a c i d ,  t i t r a t e d  
t o  pH 4.3 w i t h  g l a c i a l  a c e t i c  a c i d  and d i l u t e d  t o  100ml  w i t h  
d i s t i l  1 ed w a t e r . .
Reser vo i  r b u f f e r  s t ock  s o l u t i o n
A c e t i c  a c i d - 8 - a l  ani  ne b u f f e r  pH 4.5,  3 1.2 g B - a l a n i n e  and 8m 1 
g l a c i a l  a c e t i c  a c i d  w e r e  d i s s o l v e d  and d i l u t e d  t o  1 1  w i t h  
di  s t i l  1 ed wa t e r .
The p r e p a r a t i o n  o f  g e l s  and e l e c t r o p h o r e s i s  w e r e  
c a r r i e d  out  as d e s c r i b e d  i n  s e c t i o n  2.3.5.2.  P r o t e i n  sampl es  
wer e p r e p a r e d  s i m i l a r l y ,  b u t  w i t h  t h e  s u b t i t u t i o n  o f  t h e  
mar ker  dyes b r omo c r e s o l  gr een f o r  br omophenol  b l ue .
2 . 3 . 5 . 4 .  D i s s o c i a t i n g ,  D i s c o n t i n u o u s  P o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  (SDS-PAGE)
S o l u t i o n s  f o r  d i s s o c i a t i n g  PAGE were made up i d e n t i c a l l y  
as d e s c r i b e d  f o r  n o n - d i s s o c i a t i n g  PAGE b u t  w i t h  t h e  
i n c l u s i o n  o f  0 . 6ml  and 0 . 4ml  o f  a 10% ( w / v )  SDS s o l u t i o n  i n  
t h e  r e s o l v i n g  gel  and s t a c k i n g  ge l  r e s p e c t i v e l y ,  SDS ( l g )  
was a l s o  added t o  t h e  r e s e r v o i r  b u f f e r .  P r o t e i n  s a mp l e s  
( 2mg) ,  h o w e v e r ,  we r e  made up i n  1 ml  o f  t h e  s a m p l e  b u f f e r  
d e s c r i b e d  bel ow e i t h e r  w i t h  o r  w i t h o u t  8 - m e rc apt  o et  h a no 1 and 
b o i l e d  f o r  3 mi n.  b e f o r e  l o a d i n g .
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15ml  G l y c e r o l
2 5m1 D i s t i l l e d  wa t e r
5ml 3 - Me r c a p t o e t h a n o l  o r  5ml  wa t e r
2.  3g SDS
10yl  Bromophenol  Bl ue  s o l u t i o n  (0.4% w/ v )
0.  7 6 g T r  i s
The m i x t u r e  was d i l u t e d  t o  5 Om 1 ■ and made pH 6 . 8  w i t h  1M HC1.
The g e l s  we r e  made and e l e c t r o p h o r e s i s  c a r r i e d  o u t  as 
d e s c r i b e d  i n  s e c t i o n  2 . 3 . 5 . 2 .  I n  a d d i t i o n ,  p r o t e i n  
s t anda r ds  c o n t a i n i n g  p r o t e i n s  w i t h  m o l e c u l a r  we i g h t s  o f  78,  
6 8 , 53,  45,  30 and 17.2 k i l o D a l t o n s  were run s i m u l t a n e o u s l y .  
E v a l u a t i o n  o f  t h i s  m e t h o d  i n d i c a t e d  a b e t w e e n  a s s a y  
c o e f f i c i e n t  of  v a r i a t i o n  o f  1 2 %.
2 . 3 . 6 .  Ami  no ac i d  a n a l y s i s
The ami no ac i d  c o mp o s i t i o n s  of  t he  m o d i f i e d  p r o t e i n s  
were d e t e r m i n e d  u s i n g  t h e  Wa t e r s  Pi  c o t a g  s y s t e m .  P r o t e i n  
sampl es we r e  h y d r o l y s e d  and t h e i r  c o n s t i t u e n t  a mi no  a c i d s  
c o n v e r t e d  t o  t h e i r  r e s p e c t i v e  p h e n y l t h i o c a r b a my l  d e r i v a t i v e s  
as s h o wn  b e l o w .  The  d e r i v a t i v e s  w e r e  d e t e c t e d  by 
u l t r a v i o l e t  a b s o r p t i o n  at  254nm.
S a mp l e  B u f f e r
R
+ NH2 -CH-C00"
p h e n y l i s o t h i o c y a n a t e  + ami no ac i d  an i on
S R
pheny1t h i o c a r b a my l  (PTC) ami no ac i d  an i on
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2 . 3 . 6 . 1 c  H y d r o l y s i s
Aqueous p r o t e i n  s a m p l e s  (2 5 jj 1 ) a t  a c o n c e n t r a t i o n  o f  
0.05% w/ v )  wer e mi xed w i t h  an i n t e r n a l  s t a n d a r d ,  N o r l e u c i n e  
( 5y l  a t  a c o n c e n t r a t i o n  o f  0.005% w/ v)  i n  sma l l  py r ex  t ubes .  
The t u b e s  we r e  p l a c e d  i n  a r e a c t i o n  v i a l  and d r i e d  u n d e r  
vacuum.  H y d r o c h l o r i c  a c i d  ( 6 M) ( 2 0 0 y l )  c o n t a i n i n g  0 . 1 %
( w/ v )  p h e n o l  was added t o  t h e  b o t t o m  o f  t h e  r e a c t i o n  v i a l .  
H y d r o l y s i s  was  c a r r i e d  o u t  u n d e r  n i t r o g e n  by t h e  
h y d r o c h l o r i c  ac i d  f umes at  110°C f o r  24 hour s .  The r e a c t i o n  
v i a l  was r emoved  f r o m  t h e  o v e n ,  a l l o w e d  t o  c o o l  and t h e  
sampl e t ubes  wi ped c l ean .
Hy dr o l y s ed  s a m p l e s  and s t a n d a r d  m i x t u r e s  o f  a mi no  
ac i ds  wer e d e r i v a t i s e d  by t he  f o l l o w i n g  pr ocedur e .
1 Vacuum d r y i  ng.
2 R e d r y i n g  u n d e r  vacuum u s i n g  1 Op 1 o f  a 2 : 1 : 1  m i x t u r e  o f  
met hanol  : wa t e r  : t  r i et  hy 1 am i n e by vol ume.
3 D e r i v a t i s a t i o n  f o r  2 0  m i n  a t  room t e m p e r a t u r e  by t h e  
a d d i t i o n  o f  a 7 : 1 : 1 : 1 m i x t u r e  o f  m e t h a n o l  : w a t e r  :
t  r i e t hy l  ami ne : p henyl  i so t  h i ocy a nat  e by vol ume.
4 Vacuum d r y i n g  f o r  1 hour .
5 Redr y i ng  w i t h  t he  a d d i t i o n  o f  l Oyl  me t hano l .
6 The s a m p l e  was t a k e n  up i n  l OOy l  o f  a 5 mM s o d i u m p h o s p h a t e  
b u f f e r  p H 7.4 c o n t a i n i n g  5% ( w / v )  a c e t o n i t r i l e ,  and l Oy l  
a l i q u o t s  o f  t h i s  m i x t u r e  wer e i n j e c t e d  on t o  t h e  co l umn.
The s e p a r a t i o n  of  PTC d e r i v a t i v e s  was c a r r i e d  ou t  by HPLC
chr omat og r aphy  on a r e v e r s e d  p has e  C 18 3. 9X15 0mm c o l u m n
p r o v i d e d  by Wa t e r s .  The c o l u mn  was m a i n t a i n e d  a t  38°C i n  an 
oven.  The mo b i l e  phase was composed o f  two e l u e n t s  A and B
us i ng  a g r a d i e n t  p r o f i l e  s u p p l i e d  by Wa t e r s  PLC ( W h i t e  et  
al  . , 19 86  ).
E l u e n t  A c o n s i s t e d  o f  940ml  o f  a 0.1M sodi um a c e t a t e  b u f f e r  
pH6 .4 c o n t a i n i n g  0.05% ( w / v )  t r i e t h y 1 a mi n e  and 60ml  o f  
ac eto ni  t  r i 1 e.
E l u e n t  B was a 60: 40 m i x t u r e  o f  a c e t o n i t r i l e  and HPLC gr ade 
wa t e r .
2 . 3 . 7 .  C i r c u l a r  D i c h r o i s m
C i r c u l a r  D i c h r o i s m (cd)  was c a r r i e d  ou t  us i ng a Job i n  
Yvon A u t o d i c h r o g r a p h  Sp e c t r o me t e r  mark V. P r o t e i n  s o l u t i o n s  
( 0 . 5mg/ ml )  w e r e  p o u r e d  i n t o  a c i r c u l a r  c e l l  w i t h  a 
p a t h l e n g t h  o f  0.1mm be t ween e n dp l a t e s .  Sampl es wer e scanned 
f r om w a v e l e n g t h s  260nm t o  180nm a t  1 nm i n t e r v a l s  a t  25° C,  
and 15 s p e c t r a  w e r e  t a k e n  f r o m  e a c h  s a m p l e .  The 
s p e c t r o me t e r  was s e t  on a s e n s i t i v i t y  o f  5 X I O - 6 . A 
b a s e l i n e  was t aken  u s i n g  wa t e r  and t h i s  was s u b t r a c t e d  f r om 
subsequent  s p e c t r a .  The p e r c en t ages  of  cx - he l i x ,  8 - s h e e t  and 
random c o i l  wer e c a l c u l a t e d  u s i ng  a l e a s t  squar es  c o mp u t e r  
cu r ve  f i t t i n g  pr ogr am ( M o r r i s ,  1988) w i t h  c o mp ar i s o n  t o  t he  
model  cd s p e c t r a  f o r  p o l y - L - l y s i n e  ( G r e e n f i e l d  and Fasman,  
1969) .
2 . 3 . 8 .  F u n c t i o n a l  t e s t s
2 . 3 . 8 . 1. Wh i pp i n g
S o l u t i o n s  ( 2 5 0 m l )  c o n t a i n i n g  0.5% ( w / v )  p r o t e i n  a t
pH7.0 we r e  w h i p p e d  a c c o r d i n g  t o  Po o l e  _et a 1 . ( 19 8 4) a t
ambi ent  t e m p e r a t u r e  f o r  5 mi n  a t  f u l l  speed i n  a H o b a r t  N50
bench m i x e r  u s i n g  a D w i r e  l o o p  w h i p .  The  f o a m was 
i mme d i a t e l y  pour ed  i n t o  a 21  m e a s u r i n g  c y l i n d e r  and t h e  
i n i t i a l  vo l ume and d r a i n a g e  measured.  The foam was a l l o we d  
t o  s t a n d  u n d i s t u r b e d  f o r  30 mi n  and t h e  f oam v o l u m e  and 
d r a i n a g e  me a s u r e d  a t  10 mi n  i n t e r v a l s .  The p e r c e n t a g e  f oam 
expans i on  ( FE)  and f o a m  l i q u i d  s t a b i l i t y  ( F L S)  w e r e  
c a l c u l a t e d  as shown b e l o w :
FE = Foam Vol ume - Dr a i n a g e   ^ ^ qq 
I n i t i a l  l i q u i d  vol ume
FLS= I n i t i a l  l i q u i d  vo l ume - Dr a i n a g e   ^ ^qq 
Initial liquid volume
E v a l u a t i o n  o f  t h i s  met hod i n d i c a t e d  a bet ween ass ay c o e f f i c i e n t
o f  v a r i a t i o n  o f  13%.
2 . 3 . 8 . 2 . Emu l s i o n  S t a b i l i t y
Emul s i ons  w e r e  made up c o n t a i n i n g  25% ( w / w )  c o r n  o i l  
and a 1% or  0.25% ( w/ w)  aqueous p r o t e i n  s o l u t i o n  ( c a l c u l a t e d  
as a f i n a l  p e r c e n t a g e )  i n  a 2 0 ml  b e a k e r  u s i n g  a Dawe 
So n i p r obe  t y p e  75326 at  s e t t i n g  30 f o r  5 mi n.  The e mu l s i o n s  
wer e made and k e p t  on i c e  b e f o r e  b e i n g  t r a n s f e r r e d  t o  1 0 ml  
g r adua t ed  t e s t  t u b e s  f o r  s t o r a g e  f o r  4 weeks  a t  4°C.  F r e s h  
s am p i e s  w e r e  a l s o  s u b j e c t e d  t o  c e n t r i f u g a t i o n  a t  2 0 0 0_£ f o r  
1 0  mi n i n  o r d e r  t o  e s t i m a t e  e mu l s i o n  s t a b i l i t y .
2 . 3 . 8 . 2 . 1 .  Emu l s i o n  D r o p l e t  s i z i n g
Emul s i ons  we r e  p r e p a r e d  a c c o r d i n g  t o  s e c t i o n  2 . 3 . 8 . 2 . 
and o i l  d r o p l e t  s i z i n g  o f  a t h i n  f i l m  o f  t h e  e m u l s i o n  on a 
mi c r o s c o p e  s l i d e  was assessed.  The e mu l s i o n  ( l m l )  was mi xed 
w i t h  l m l  o f  a warm a q ue o u s  g e l a t i n  s o l u t i o n  ( 2 0 % w / v ) ,  and 
w h i l s t  s t i l l  l i q u i d  1 d r o p  was p l a c e d  on a m i c r o s c o p e  s l i d e ,
and a c o v e r s l i p  p l aced l i g h t l y  on t op.  F i v e  pho tom i c rog raphs 
were t ak en  o f  each s l i d e .  The d r o p l e t s  were measured by eye 
and wi  t h a C a mb r i d g e  I n s t r u m e n t s  Quant  i met  i mage  a n a l y s e r  
920.
2 . 3 . 8 . 3 .  Ther mal  t r e a t m e n t
The t h e r m a l  p r o p e r t i e s  o f  p r o t e i n s  w e r e  i n v e s t i g a t e d  
a c c o r d i n g  t o  H o w e l l  and L a w r i e  ( 1 9 85 ) .  Aqueous  p r o t e i n  
s o l u t i o n s  (6% w / v )  w e r e  made up c o n t a i n i n g  4 5 % ( w / w )  s u c r o s e  
at  pH 7.0 and p o u r e d  i n t o  s t a i n l e s s  s t e e l  t u b e s  w i t h  an 
i n t e r n a l  d i a me t e r  o f  16mm and sea l ed  w i t h  bungs.  The t ubes  
were h e a t e d  i n  a w a t e r  b a t h  a t  95°C f o r  30 m i n ,  c o o l e d ,  and 
aged o v e r n i g h t  a t  room t e mp e r a t u r e .
2 . 3 . 8 . 4 .  G e l a t i o n
Heat  p r o c e s s i n g  a c c o r d i n g  t o  s e c t i o n  2 . 3 . 8 .3 was o f t e n  
enough f o r  t h e  p r o t e i n  t o  f o r m  a g e l .  The ge l  was r e mo v e d  
f r om t h e  s t a i n l e s s  s t e e l  t u b e ,  c u t  t o  a l e n g t h  o f  1 2  mm and 
compressed w i t h  a b r a s s  p l u n g e r  on an I n s t r o n  U n i v e r s a l  
t e s t i n g  m a c h i n e  e q u i p p e d  w i t h  a 5 , 0 0 0  o r  5 0 , 0 0 0 g  l o a d  c e l l .  
The c r o s s h e a d  speed used was 10 mm m i n " 1 and t h e  c h a r t  
s peed 1 0 0 mm m i n " 1.
The f o r c e  r e q u i r e d  t o  c o mp r e s s  t h e  ge l  was r e c o r d e d  
a g a i n s t  t i m e  and t h e  f o l l o w i n g  p a r ame t e r s  wer e measured:
1) Gel  s t r e n g t h  (GS) was me a s u r e d  as t h e  l o a d  (g)  r e q u i r e d  
t o  c o mp r e s s  t h e  ge l  a s p e c i f i e d  d i s t a n c e  ( 1 / 2  max i mum 
compr ess i on  (6 mm) and maxi mum c o mp r e s s i o n  ( 1 2 mm)),
2) B r e a k i n g  s t r e n g t h  (BS)  t h a t  i s  t h e  l o a d  r e q u i r e d  t o
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3) C o h e s i v e n e s s  - t h e  d i s t a n c e  (mm) t o  w h i c h  t h e  gel  
compressed b e f o r e  r u p t u r e  o c c u r r ed .
r u p t u r e  t h e  s u r f a c e  o f  t h e  g e l ;  and
was
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C h a p t e r  3
Succ i  n y l a t i  on
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3 . 1 .  I n t r o d u c t i o n
S u c c i n y l a t i o n  i s  t h e  r e a c t i o n  b e t w e e n  s u c c i n i c  
a n h y d r i d e  and a p r o t e i n  a c c o r d i n g  t o  t h e  e q ua t i o n  be l ow.
C  CH. 0 0
/  2
p - n h 2 + o  
\
p - n h - c - c h 2 ch 2 c~oh
. c  c h 2
cr
P r o t e i n  + s u c c i n i c  a n h y d r i d e  = S u c c i n y l a t e d  p r o t e i n
The r e a c t i o n  p r i m a r i l y  i n v o l v e s  t he  e p s i l o n  n i t r o g e n  
gr oups o f  l y s i n e  r e s i d u e s  but  some degr ee o f  c r oss  r e a c t i o n  
has been shown t o  o c c u r  ( G r o n i n g e r ,  1973;  G r o n i n g e r  and 
M i l l e r ,  1979;  Habeeb,  1958) .  G r o n i n g e r  ( 1973 and 1979)  
quo t es  t h a t  one t h i r d  o f  t h e  s u l p h y d r y l  g r o u p s  p r e s e n t  i n  
BSA r e a c t  w i t h  s u c c i n i c  a n h y d r i d e .  I n  a d d i t i o n  0 - 
s u c c i n y l a t i o n  o f  t h e  t y r o s i n e  r e s i d u e s  i s  a f e a s i b l e  
r e a c t i o n  b u t  has  b e e n  s h o wn  by Hab e e b  ( 1 9 5 8 )  t o  be 
neg 1 i gi  bl  e i n  BSA.
I n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  s u c c i n y l a t i o n  on t h e  
p h y s i c o c h e mi c a l  and f u n c t i o n a l  p r o p e r t i e s  o f  BSA was c a r r i e d  
ou t  b e c a u s e  t h i s  m o d i f i c a t i o n  had been shown t o  i m p r o v e  
c e r t a i n  f u n c t i o n a l  p p o p e r t i e s  o f  some p r o t e i n s  f o r  use i n  
s e l e c t e d  f o o d  p r o d u c t s .  The  f u n c t i o n a l  p r o p e r t i e s  o f  
s u c c i n y l a t e d  p r o t e i n s  have been exami ned e x t e n s i v e l y .  Most  
wor ke r s  r e p o r t  i m p r o v e d  w a t e r  h o l d i n g  c a p a c i t y ,  w a t e r  and 
f a t  a b s o r p t i o n ,  and e m u l s i o n  c a p a c i t y  c o mp a r e d  t o  t h e  
s t a r t i n g  m a t e r i a l  f o r  a r ange of  p r o t e i n o u s  m a t e r i a l  such as 
c o t t o n  seed f l o u r ,  ( C h i l d s  and P a r k ,  1976;  Choi  _et d/L 19 81)  
whey p r o t e i n ,  ( Th o mp s on  and Reyes ,  1979)  and f i s h  p r o t e i n  
d e r i v a t i v e s  ( M i l l e r  and G r o n i n g e r ,  1976) .  D e c r e a s e d  h e a t  
c o a g u l a t i o n  i s  a n o t h e r  w i d e l y  r e p o r t e d  p r o p e r t y  o f
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s u c c i n y l a t e d  p r o t e i n s  ( H o a g l a n d ,  1966;  Op p e n h e i me r  et  a l , 
196 7; Choi  _et dj_, 1981) .  The f u n c t i o n a l  p r o p e r t y  t h a t  t h e r e  
i s  mo s t  d i s a g r e e m e n t  o v e r  i s  t h e  f o a m i n g  a b i l i t y  o f  
s u c c i n y l a t e d  p r o t e i n s .  I m p r o v e d  w h i p p i n g  p r o p e r t i e s  a r e  
r e p o r t e d  f o r  f i s h  p r o t e i n s  ( M i l l e r  and G r o n i n g e r ,  1 9 7 9 ) ,  
c o t t o n  seed f l o u r ,  ( C h i l d s  and Pa r k ,  1976)  soy  i s o l a t e ,  
( Fr anzen and K i n s e l l a ,  19 76a) egg w h i t e ,  ( Sat o and Nakamura,  
1977;  B a l l  and Wi n n ,  1982)  and g l y c i n i n  ( Ki m and K i n s e l l a ,  
1987) whereas decr eased w h i p p i n g  p r o p e r t i e s  a r e  r e p o r t e d  f o r  
f i s h  p r o t e i n s  ( Gr o n i n g e r  and M i l l e r ,  1975)  and whey p r o t e i n  
i s o l a t e s  ( Thomps on  and Reyes 19 80) .  Th omp so n ejt aj_ ( 19 82a 
and b) e x a m i n e d  t h e  p e r f o r m a n c e  o f  s u c c i n y l a t e d  wh e y  
p r o t e i n s  as ex t ender s  i n  meat  p a t t i e s ,  w i e n e r s ,  sa l ad  cream 
and c o f f e e  w h i t e n e r s ,  and f o u n d  t h a t  a c c e p t a b l e  p r o d u c t s  
c o u l d  be f o r m e d .  B a l l  and Wi n n  ( 1982)  d e s c r i b e d  no c h a ng e  
i n  pe r f o r man c e  when s u c c i n y l a t e d  egg w h i t e  r a t h e r  t han  t h e  
un mod i f i e d  p r o t e i n  was used i n  t h e  p r o d u c t i o n  o f  ange l  
cake.  The s u c c i n y l a t i o n  o f  whey p r o t e i n s  has been p a t e n t e d  
by Mel nychyn and S t a p l e y  ( 19 73) f o r  use i n  c o f f e e  w h i t e n e r s  
because o f  t h e i r  r e d u c e d  t e n d e n c y  t o  c o a g u l a t e  a t  h i g h  
t  emp e r a t u r  es.
The ai m o f  t h i s  s t u d y  was t o  e x a mi n e  t h e  e f f e c t  o f  
s u c c i n y l a t i o n  on t h e  f u n c t i o n a l  p r o p e r t i e s  o f  BSA and t o  
a t t e mp t  t o  e l u c i d a t e  t h e s e  r e s u l t s  by p h y s i c o c h e mi c a l  t e s t s .
3 . 2 .  M e t h o d s
3 . 2 . 1 .  S u c c i n y l a t i o n
S u c c i n y l a t i o n  w a s  c a r r i e d  o u t  a c c o r d i n g  t o  H o a g l a n d
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( 1966) a t  room t e mp e r a t u r e .  Bov i ne  serum a l b u mi n  ( l Og)  was 
d i s s o l v e d  i n  1250ml  d i s t i l l e d  wa t e r  c o n t a i n i n g  25g d i s o d i u m 
hydr ogen o r t h o p h o s p h a t e  ( N a 2 HP04 2 H 2 0 ) ,  and 5 o r  l Og  
s u c c i n i c  a n h y d r i d e  was added i n  i n c r e me n t s  over  l Omi n.  The 
pH o f  t h e  r e a c t i o n  was m a i n t a i n e d  a t  7.5 and t h e  s o l u t i o n  
was s t i r r e d  g e n t l y  f o r  one h o u r .  The s o l u t i o n  was t h e n  
d i l u t e d  w i t h  d i s t i l l e d  w a t e r  t o  2.51 and d i a l y s e d  a g a i n s t  at  
l e a s t  1 0 1  o f  d i s t i l l e d  w a t e r  i n  an u l t r a f i l t r a t i o n  u n i t  
( Mi l  l i  por e P e l l  i c o n  c a s s e t t e  s y s t e m w i t h  a PTGC membr ane  
w i t h  a r e l a t i v e  m o l e c u l a r  mass c u t  o f f  a t  1 0 , 000 D a l t o n s ) .  
U l t r a f i l t r a t i o n  t o o k  a p p r o x i m a t e l y  4 h o u r s .  The s o l u t i o n  
was t h e n  c o n c e n t r a t e d  t o  a p p r o x i m a t e l y  800ml  and f r e e z e -  
d r i e d .  A c o n t r o l  samp l e  o f  BSA a l one  was ul  t  r a f  i 11 ered and 
f r e e z e - d r i e d  t o  d e t e r m i n e  t h e  e x t e n t  o f  d e n a t u r a t i o n  caused 
by t h e s e  pr ocesses .
I n o r d e r  t o  a s s e s s  t h e  e f f e c t i v e n e s s  o f  r e m o v i n g  
u n r ea c t e d  s u c c i n i c  a n h y d r i d e  by d i a l y s i s ,  as c a r r i e d  out  by 
Hoagl and (1966) ,  a p o r t i o n  of  t h e  r e a c t i o n  m i x t u r e  was t a k e n  
p r i o r  t o  u l t r a f i l t r a t i o n  and d i a l y s e d  a g a i n s t  41 d i s t i l l e d  
wa t e r  f o r  24 h o u r s  a t  4°C.  The d i a l y s a t e  was t h e n  f r e e z e -  
d r i e d  and t h e  f u n c t i o n a l  p r o p e r t i e s  o f  t h i s  p r o d u c t  
ex ami ned.
3 . 2 . 2 .  Ex t e n t  o f  s u c c i n y l a t i o n
The e x t e n t  o f  t h e  r e a c t i o n  bet ween s u c c i n i c  a n h y d r i d e  
and t h e  e p s i l o n  a mi n o  g r o u p s  o f  l y s i n e  was a s s e s s e d  by 
measur i ng  t h e  f r e e  a m i n o  g r o u p s  l e f t  a f t e r  t h e  
s u c c i n y l a t i o n .  F r e e  a m i n o  g r o u p s  w e r e  r e a c t e d  w i t h  
n i n h y d r i n  s o l u t i o n  ( S e c t i o n  2 . 3 . 1 . 5 . ) .
N a t i v e  a n d  s u c c i n y l a t e d  BSA w e r e  e x a m i n e d  f o r  p r o t e i n
c o n c e n t r a t i o n ,  pH t i t r a t i o n ,  h y d r o p h o b i c i t y , e l e c t r o p h o r e t i c  
p a t t e r n s ,  a m i n o  a c i d  a n a l y s i s ,  c i r c u l a r  d i c h r o i s m  and 
f u n c t i o n a l  p r o p e r t i e s  as d e s c r i b e d  i n  Chap t e r  2 .
3.  3. R es u l t s
3 . 3 . 1 .  Ex t e n t  o f  s u c c i n y l a t i o n
S u c c i n y l a t i o n  o f  a m i n o  g r o u p s  was m e a s u r e d  u s i n g  
n i n h y d r i n  r e a g e n t .  R e a c t i o n  o f  e q u i v a l e n t  w e i g h t s  o f  BSA 
and s u c c i n i c  a n h y d r i d e  r e s u l t e d  i n  82% o f  t h e  l y s i n e  
r e s i d u e s  b e i n g  s u c c i n y l a t e d ,  t h i s  s a m p l e  was t h e r e f o r e  
r e f e r e d  t o  as Sg 2. B o v i n e  ser um a l b u m i n  r e a c t e d  w i t h  
s u c c i n i c  a n h y d r i d e  i n  t h e  r a t i o  2 : 1  r e s u l t e d  i n  50% 
s u c c i n y l a t i o n  o f  l y s i n e  r e s i d u e s  and was denot ed S5Q. S i n c e  
BSA c o n t a i n s  60 ami no  g r o u p s  and 1 t e r m i n a l  a l p h a  ami n o  
gr oup s u c c i n y l a t i o n  l e v e l s  o f  50 and 82% i n f e r  t h a t  30.5 and 
50 a m i n o  g r o u p s  w e r e  b l o c k e d  i n  s a m p l e s  S5 0  and S 8 2 
r es pect  i v el  y .
The r e a c t i o n  c o n d i t i o n s  c h o s e n  a c h i e v e d  f a i r l y  
e x t e n s i v e  s u c c i n y l a t i o n  wh i ch  r e s u l t e d  i n  some s i d e  r e a c t i o n  
w i t h  s u l p h y d r y l  g r o u p s .  The d e c r e a s e  i n  f r e e  s u l p h y d r y l  
groups was me a s u r e d  u s i n g  E l l m a n ' s  r e a g e n t  a c c o r d i n g  t o  
s e c t i o n  2 . 3 . 2 .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  3. 1.
Mol es SH g r o u p s  p e r  mo l e  p r o t e i n  
Sampl es Undenat ur ed  Denat ur ed
Co n t r o l  1 hour  under  Co n t r o l  1 hour  under
N i t r o g e n  N i t r o g e n
T a b l e  3.1 M e a s u r e m e n t  o f  s u l p h y d r y l  g r o u p s  i n  n a t i v e  and
s u c c i n y l a t e d  BSA.
BSA 0.54 0.67 0.52 0.65
S5 0 0.46 0.57 0.40 0.51
S 82 0.40 0.50 0.40 0.43
Res u l t s  i n d i c a t e d  t h a t  f r e e  s u l p h y d r y l  g r o u p s  we r e  
r educed on s u c c i n y l a t i o n  by 0.10 and 0 d 7  mol es  of  SH gr oups 
per  mol e o f  p r o t e i n  i n  sampl es  S50  and $ 82  r e s p e c t i v e l y  i . e .  
15 and 25% o f  t h e  s u l p h y d r y l  g r o u p s  had been s u c c i n y l a t e d .
Measurement  o f  s u l p h y d r y l  g r o u p s  a f t e r  p l a c i n g  t h e  
s o l u t i o n s  u n d e r  n i t r o g e n  f o r  one hou r  r e s u l t e d  i n  h i g h e r  
va l ues  t h a n  t h e  c o n t r o l  s a m p l e s ,  a l t h o u g h  t h e  p e r c e n t a g e  
changes on m o d i f i c a t i o n  a r e  s i m i l a r .  D e n a t u r a t i o n  o f  t h e  
p r o t e i n s  by 6 M g u a n i d i n e  h y d r o c h i o r i d e  ( Gu - HCl )  c a u s e d  a 
dec r ease  i n  t he  measured s u l p h y d r y l  g r oups  r a t h e r  t han  t h e  
expec t ed e x p o s u r e  o f  g r o u p s .  Reduced g l u t a t h i o n e  was used 
as a s t a n d a r d  t o  me a s u r e  t h e  d e g r e e  o f  i n t e r f e r e n c e  due t o  
t h e  p r e s e n c e  o f  6 M Gu- HCl  and a 5% r e d u c t i o n  i n  c o l o u r  
p r o d u c t i o n  was o b t a i n e d  t h u s  i n d i c a t i n g  t h a t  Gu - H C l  
i n t e r f e r e d  w i t h  t h e  r e a c t i o n .
3 . 3 •  2. . P r o t e i n  c o n c e n t r a t i o n
Bot h u l t r a f i l t e r e d  s u c c i n y l a t e d  sampl es  S^q and Sg2 had 
a p r o t e i n  c o n c e n t r a t i o n  o f  over  90% as measured by r e a c t i o n  
w i t h  Coomass i e b l u e  and s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  at
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2 80nm. Sampl es t h a t  had been d i a l y s e d  a g a i n s t  41 d i s t i l l e d  
wa t e r  o v e r n i g h t  as opposed t o  u l t r a f i 1 t r a t i o n  r e s u l t e d  i n  a 
p r o t e i n  c o n c e n t r a t i o n  i n  t h e  f r e e z e - d r i e d  p o wd e r  o f  o n l y  
56%. Thi s  i n d i c a t e d  t h a t  t h e  l a t t e r  met hod o f  p u r i f i c a t i o n  
was not  e f f e c t i v e  a t  r emov i ng  excess s u c c i n i c  a n h y d r i d e  and 
r e s u l t e d  i n  an i mpur e  p r o d u c t .
3 . 3 . 3 .  pH T i t r a t i o n
The 1% ( w / v )  p r o t e i n  s o l u t i o n s  t i t r a t e d  a g a i n s t  0.3M 
HC1 r e s u l t e d  i n  t h e  cur ves  shown i n  f i g u r e  3 . 1 . S u c c i n y l a t i o n  
a l t e r e d  t h e  t y p i c a l  BSA t i t r a t i o n  c u r v e  t o  show d i s t i n c t  
b u f f e r  r e g i o n s .  The s t e e p e s t  g r a d i e n t  i n d i c a t e d  t he  r e g i o n  
wher e t he  ac i d  gr oups wer e  be i ng  t i t r a t e d  ( Tab l e  3.2. )
Tab l e  3.2.  pH t i t r a t i o n  r e s u l t s  f o r  s u c c i n y l a t e d  p r o t e i n s .  
Sampl e pH ml  ac i d  added Ac i d  g r o up s / g
S50 4.2 0.76 9.12 X 10~4
$82 4.1 1.30 1.56 X 1 0 " 3
3 . 3 . 4 .  Hydr ophobi  c i  t y
3 . 3 . 4 . 1 . Measur ement  o f  h y d r o p h o b i c i t y  i n  n a t i v e  p r o t e i n s
Hydrophob i ci  t y  o f  m o d i f i e d  and n a t i v e  BSA i n  t h e  
absence o f  SDS d i d  n o t  g i v e  a s t r a i g h t  l i n e  r e l a t i o n s h i p  
bet ween f l u o r e s c e n c e  i n t e n s i t y  and p r o t e i n  c o n c e n t r a t i o n  as 
shown i n  f i g u r e  3. 2.  The r e s u l t s  s u g g e s t e d  t h a t  i n  aqueous  
s o l u t i o n ,  m i c e l l e s  we r e  f o r m e d  ma k i n g  h y d r o p h o b i c  g r o u p s  
i n a c c e s s i b l e  f o r  m e a s u r e m e n t .  Ho we v e r ,  a t  a l o w c r i t i c a l  
c o n c e n t r a t i o n  o f  0 .0 0 3% ( w / v )  f o r  BSA t h e r e  was l i t t l e  
p r o t e i n  p r e s e n t  and t he  l i k e l i h o o d  o f  mo l e c u l e s  comi ng i n t o
56
c o n t a c t  was so r e m o t e  t h a t  t h e  h y d r o p h o b i c  g r o u p s  c o u l d  be 
measured.  The g r a d i e n t  o f  t h e  cu r ve  f o r  r e s u l t s  o b t a i n e d  i n  
t h e  a b s e n c e  o f  SDS t h e r e f o r e  seems i n a p p l i c a b l e  b u t  
n e v e r t h e l e s s  a r a t i n g  was o b t a i n e d ,  BSA b e i n g  t h e  mos t  
hy d r op h o b i c  wh e r e a s  s u c c i n y 1 a t i o n  p r o g r e s s i v e l y  d e c r e a s e d  
h y d r o p h o b i c i t y .  S u c c i n y l a t i o n  a p p e a r e d  t o  l i m i t  m i c e l l e  
f o r m a t i o n  so t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  f l u o r e s c e n c e  
i n t e n s i t y  and p r o t e i n  c o n c e n t r a t i o n  was l i n e a r  t o  a h i g h e r  
p r o t e i n  c o n c e n t r a t i o n .
3 . 3 . 4 . 2 . Measur ement  o f  h y d r o p h o b i c i t y  i n  t h e  p r esence  o f  20 
mg l i t r e - 1  sod i um dodecy l  s u l p h a t e
Kat o and N a k a i  ( 1 9 8 0 )  e x a m i n e d  t h e  u s e  o f  £ _i_s_- 
p a r i n a r i c  a c i d  as a p r o b e  t o  d e t e r m i n e  t h e  e f f e c t i v e  
hyd r ophobi  c i t y  o f  p r o t e i n s .  T h e  i n i t i a l  s l o p e  o f  
f l u o r e s c e n c e  i n t e n s i t y  vs p r o t e i n  c o n c e n t r a t i o n  p l o t  was 
used as an i n d e x  o f  p r o t e i n  h y d r o p h o b i c i t y .  C o r r e l a t i o n s
were f ound be t ween t he  g r a d i e n t  and h y d r o p h o b i c i t y  measured
us i ng  p a r t i t i o n  t e c h n i q u e s  and w i t h  i n t e r f a c i a l  t e n s i o n  and 
e m u l s i f y i n g  a c t i v i t y .  A p p l i c a t i o n  o f  t h i s  m e t h o d  t o  
s u c c i n y l a t e d  p r o t e i n s  r e s u l t e d  i n  t h e  r e l a t i o n s h i p  shown i n  
f i g u r e  3 . 3 .  The g r a d i e n t  was c a l c u l a t e d  u s i n g  l i n e a r  
r e g r e s s i o n  as 1758,  1023 and 699 , f o r  BSA,  S5 0  and S82
r e s p e c t i v e l y .  These  r e s u l t s  i n d i c a t e d  t h a t  p r o g r e s s i v e  
s u c c i n y l a t i o n  r educed hyd r ophob i  c i  t y .
I n  a d d i t i o n ,  t h e  f l u o r e s c e n c e  i n t e n s i t y  pr oduced when
c i s - p a r  i n a r  i c ac i d  was r e a c t e d  w i t h  p r o t e i n s  i n  t he  p r esence
of  SDS was much r educed compar ed t o s o l u t i o n s  w i t h o u t  SDS, 
t h e r e b y  s u g g e s t i n g  t h a t  SDS may mask some h y d r o p h o b i c
g r o u p s .
3 . 3 . 4 . 3 .  M e a s u r e m e n t  o f  h y d r o p h o b i c i t y  i n  h e a t  d e n a t u r e d  
p r o t e i n s  i n  t h e  p r e s en c e  and absence o f  SDS.
Hyd rop ho bi  c i t y  me a s u r e d  i n  h e a t  d e n a t u r e d  p r o t e i n s
showed a l i n e a r  r e s p o n s e  o f  f l u o r e s c e n c e  i n t e n s i t y  t o  
c o n c e n t r a t i o n  ( f i g u r e s  3 . 4  and  3 . 5 ) .  T h e s e  f i g u r e s
i n d i c a t e d  t h a t  heat  d e n a t u r a t i o n  l i m i t e d  m i c e l l e  f o r m a t i o n .
The i n i t i a l  si  opes o f  t h e  c u r v e s  we r e  used as an i n d e x  o f
h y d r o p h o b i c i  t y  ( T a b l e  3 . 3 ) .
Ta b l e  3.3.  H y d r o p h o b i c i t y  r e s u l t s  o f  heat  d e n a t u r e d  sampl es .
H y d r o p h o b i c i t y  v a l u e  
Sampl es BSA S5Q Sg2
I n  t h e  absence o f  SDS 1981 1381 830
I n t he  pr esence  of  SDS 1255 358 267
The r a t i n g  o f  p r o t e i n s  r e m a i n e d  t h e  same,  BSA was t h e  
most  h y d r o p h o b i c  w h i l s t  p r o g r e s s i v e  s u c c i n y l a t i o n  r e d u c e d  
hydrop ho b i c i t y .  The p r e s e n c e  o f  SDS was a g a i n  s hown  t o  
r educe f l u o r e s c e n c e  i n t e n s i t y ,  w h i c h  i n d i c a t e d  a ma s k i n g  
e f f e c t  due t o  SDS b i n d i n g .
3 . 3 . 5 .  E l e c t r o p h o r e s i  s
3 . 3 . 5 . 1 .  I s o e l e c t r i c  f o c u s i n g
The i s o e l e c t r i c  p o i n t  o f  BSA was d e c r e a s e d  on
s u c c i n y l a t i o n .  N a t i v e  BSA had a ma i n  band o f  p r o t e i n  a t  pi
5. 3.  B o t h  s u c c i n y l a t e d  s a m p l e s  had a ma i n  band w i t h  a p i  a t
4 . 7  bu t  t h e  sampl e  s u c c i n y l a t e d  t o  82% showed many bands at
4 . 7 ,  6.3 and 5.9.  The p r e s e n c e  o f  t h e s e  m u l t i p l e  bands
i n d i c a t e d  t h a t  t he  p r o t e i n  had d i s s o c i a t e d  i n t o  s u b u n i t s  or  
had f o r m e d  m u l t i p l e  p r o d u c t s .  T h i s  phenomenon  has been 
not ed p r e v i o u s l y  i n  t h e  s u c c i n y l a t i o n  o f  a l d o l a s e  ( Hass ,  
1964 ) .
3 . 3 . 5 . 2 . N o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  gel  
e l e c t r o p h o r e s i s  ( Nat i ve- PAGE)
The s e p a r a t i o n  o f  p r o t e i n s  us i ng  n o n - d i s s o c i a t i n g  PAGE 
was d e t e r mi n e d  by m o l e c u l a r  w e i g h t  and mo l e c u l a r  char ge.  The 
Rf  v a l u e s  a r e  g i v e n  i n  T a b l e  3. 4.
Ta b l e  3. 4.  N o n - d i s s o c i a t i n g  PAGE r e s u l t s  f o r  n a t i v e  and 
s u c c i n y l a t e d  BSA.
Rf  Va l ues
Sampl e Mai n Band Mi n o r  bands
BSA 0. 56 - 0 . 6  2 0. 37- 0. 38
S5 0 0. 60- 0. 72 0.5 8 , 0 . 3 9 - 0 . 4  1
S 82 0 . 7 2 - 0 . 7 6 0.2 2 , 0 . 28 ,  0.3 9 , 0 . 44 ,  0. 52
Succi  nyl  a t ed s a mp l es had l a r g e r  Rf  v a l u e s  and
g r e a t e r  number  o f  bands t han  n a t i v e  BSA.
3 . 3 . 5 . 3 .  D i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  (SDS-PAGE)
S e p a r a t i o n  o f  p r o t e i n s  by SDS-PAGE was c a r r i e d  ou t  i n  
t h e  pr esence  and absence o f  3 - me r c a p t o e t h a n o l  i . e .  w i t h  and 
w i t h o u t  i n t a c t  di  s u l p h i d e  b r i d g e s .  The r e l a t i v e  m o l e c u l a r  
masses (RMM) o f  s a m p l e s  we r e  d e t e r m i n e d  w i t h  r e f e r e n c e  t o  
s t anda r ds  ( T a b l e  3 . 5 ) .
Ta b l e  3 . 5 .  Th e  r e l a t i v e  m o l e c u l a r  mass  o f  n a t i v e  and 
s u c c i n y l a t e d  BSA d e t e r mi n e d  by SDS-PAGE.
RMM ( k i l o D a l t o n s )
I n  t he  absence o f  I n  t h e  pr esence  o f
Sampl e 8 - Me r c a p t o e t h a n o l  f3-M e r c a p t o e t  hanol
Mai n band Mi n o r  band Mai n band Mi n o r  band 
BSA 4 7.5 - 50 . 5  56. 2-68. 0
S50 48. 5- 51. 5 6 5 . 0 -  7 6. 5
s 82 4 9. 5 - 52. 5 5 5.0 - 5 7.5 6 7.5 - 78.0 92. 5- 97. 0
S u c c i n y l a t i o n  i n c r e a s e d  t h e  RMM o f  BSA as wo u l d  be 
expec t ed by t h e  c o v a l e n t  a t t a c h m e n t  o f  s u c c i n i c  a n h y d r i d e  
mo i et  i e s .
3 . 3 . 6 .  Ami no a c i d  a n a l y s i s
Ami no a c i d  a n a l y s i s  c a r r i e d  o u t  on a Wa t e r s  Pi  c o t a g  
sys t em y i e l d e d  t h e  r e s u l t s  i n  Tab l e  3.6.
T a b l e  3 .6 . Amino a c i d  c o m p o s i t i o n  o f  n a t i v e  and s u c c i n y l a t e d
BSA.
c o n c e n t r a t i o n  i n  y g / ml
no ac i d BSA S5 0 CVICO
OQ
ASP 7.64 8.3 3 7.88
GLU 11.63 13.55 13.16
SER 3.89 3.21 3.31
GL Y 3.08 1 . 66 1.70
HIS 2.71 3.04 2.98
ARG 4.06 3.82 4.02
THR 3.94 3.99 3.94
ALA 5.04 4.72 4.76
PRO 3.32 3.54 3.55
nh 3 6.74 2.42 2.44
TYR 2. 82 3.27 3.01
VAL 3.84 3.91 3.86
MET * 0.72 0.75
CYS + 3.87 2.41 2.50
I LEU 1.82 1.74 1.81
LEU 7.54 8 . 0 1 8.31
PHE 4.57 4.45 4.61
TRP + 3.84 1.65 1.72
LYS 8.09 7.45 7.73
* M e t h i o n i n e  and C y s t e i n e  peaks were not  r e s o l v e d  
+ A c i d  h y d r o l y s i s  c a u s e s  some d e s t r u c t i o n  and t h e r e f o r e  
t h e s e  ami no ac i ds  may not  be r e p r o d u c i b l y  r ecover ed .
3 . 3 . 7 .  C i r c u l a r  D i c h r o i s m
The c i r c u l a r  d i c h r o i s m  ( cd . )  s p e c t r a  o b t a i n e d  f o r  
n a t i v e  and s u c c i n y l a t e d  BSA a r e  shown i n  f i g u r e 3 „ 6 a n d  we r e
compared t o  t h e  model  cd.  s p e c t r a  f o r  a - h e l i x ,  3 - s h e e t  and 
random c o i l  o b t a i n e d  w i t h  p o l y - L - l y s i n e  by Gr eenwood  and 
Fasman ( 1969) .  By c o m p a r i n g  t h e  c u r v e s  o b t a i n e d  w i t h  t h e  
model  s p e c t r a  us i ng  a l e a s t - s q u a r e s  c o mp u t e r  cu r ve  f i t t i n g  
progr am ( M o r r i s ,  1988)  t h e  p e r c e n t a g e s  o f  a - h e l i x ,  3 - s h e e t  
and random c o i l  wer e d e t e r mi n e d  ( Tab l e  3.7) .
Tab l e  3 . 7 .  M e a s u r e m e n t  o f  t h e  c o n f o r m a t i o n a l  cha ng e s  o f  
s u c c i n y l a t e d  BSA.  % o c c u r r e n c e
Sampl e a - H e l i x  3 - Sheet  Random Co i l
BSA 64.64 7.73 27.63
UFBSA 54.30 17.97 ' 27.73
$50 54.26 19.86 25.88
$82 3 1.53 30.26 38.22
E x t e n s i v e  s u c c i n y l a t i o n  ( Sg 2 ) d e c r e a s e d  t h e  amoun t  o f  
a - h e l i x  b u t  i n c r e a s e d  t h e  o c c u r r e n c e  o f  3 - s h e e t  
c o n f o r ma t i o n s  and r a n d o m  c o i l  i n  BSA.  I n  a d d i t i o n ,  
ul  t  r a f  i 1 1  r a t i  on caused marked c o n v e r s i o n  f r om a - h e l i x  t o  3 - 
shee t  f o r m a t i o n  but  no i n c r e a s e  i n  random c o i l .
3 . 3 . 8 .  F u n c t i o n a l  Tes t s
3 . 3 . 8 . 1 .  Wh i pp i n g
The f oam e x p a n s i o n  r e s u l t s  a r e  g i v e n  i n  f i g u r e  3 . 7 .  
These r e s u l t s  i n d i c a t e d  t h e  i m p o r t a n c e  o f  an e x t e n s i v e  
p u r i f i c a t i o n  met hod a f t e r  m o d i f i c a t i o n  s i n c e  t h e  pr esence  
o f  f r e e  s u c c i n i c  a n h y d r i d e  m a r k e d l y  i n c r e a s e d  t h e  f oam 
expans i on  and foam s t a b i l i t y  o f  BSA (shown i n  f i g u r e  3 . 8 ) .
Na t i v e  BSA,  u l t r a f i l t e r e d  BSA, S g q and b o t h  i m p u r e  
sampl es o f  s u c c i n y l a t e d  BSA a l l  at  a 1% ( w / w )  l e v e l  gave 
1 0 0 % s t a b l e  e m u l s i o n s  w h i c h  d i d  n o t  s e p a r a t e  on 
c e n t r i f u g a t i o n  o r  a f t e r  4 we e k s  s t o r a g e .  The h i g h l y  
s u c c i n y l a t e d  s a m p l e  Sg2 s e p a r a t e d  t o  g i v e  on a v e r a g e  5 . 7 ml  
o f  c r eami ng  on a 1 0 ml e mu l s i o n  a f t e r  2 weeks s t o r a g e  wh i ch  
d i d  n o t  i n c r e a s e  w i t h  f u r t h e r  s t o r a g e .  C e n t r i f u g a t i o n  o f  
t h e  1% ( w / w )  e m u l s i o n  made w i t h  S g 2 c a u s e d  i t  t o  s e p a r a t e  t o  
g i v e  5.2ml  of  c r eami ng .
Emul s i ons  f o r m e d  w i t h  0.25% ( w / w )  p r o t e i n  s o l u t i o n s  
were n o t  so s t a b l e .  N a t i v e  BSA f o r me d  e m u l s i o n s  w h i c h  d i d  
not  s e p a r a t e  on c e n t r i f u g a t i o n  o r  s t o r a g e  but  s u c c i n y l a t e d  
sampl es SgQ and Sg2 s e p a r a t e d  t o  g i v e  37 and 39% c r e a m i n g  
r e s p e c t i v e l y .  C e n t r i f u g a t i o n  o f  e m u l s i o n s  r e s u l t e d  i n  
f u r t h e r  c r eami ng  o f  38 and 40% i n  t he  s u c c i n y l a t e d  sampl es .
3 . 3 . 8o3o Emu l s i o n  d r o p l e t  s i z e
A comp ar i s o n  o f  d r o p l e t  s i z i n g  i n  p h o t o m i c r o g r a p h s , by 
eye and u s i n g  t h e  Quant  i met  i mage a n a l y s e r  o f  t h e  e mu l s i o n s  
made w i t h  a 1 % ( w / w )  p r o t e i n  s o l u t i o n  a r e  g i v e n  i n  T a b l e
3 . 8 .
3 . 3 . 8 o 2 .  E m u ls i o n  S t a b i l i t y
Tab l e  3. 8.  E m u l s i o n  d r o p l e t  s i z i n g  ( 1 % p r o t e i n )  o f  n a t i v e  
and s u c c i n y l a t e d  BSA.
Samp!e M a nu al Image A n a l y s i s
Aver age s i z e  (pm) S.D. Av e r a g e  s i z e ( pm ) S.D.
BSA 0.9 0.08 1 . 0 0.07
UF BSA 1.3 0.17 1 . 2 0.26
S5 0 1 . 1 0 . 1 0 1 . 1 0.36
S 82 0.9 0.07 1 . 1 0.13
I mpur e S5 0 0. 8 0.07 0.9 0 . 1 2
I mpure S82 1 . 0 0.09 1 . 0 0 . 1 2
The d r o p l e t  s i z e s  a r e  a l l  o f  a v e r y  s i m i l a r  o r d e r  and 
have no c o r r e l a t i o n  w i t h  t h e  s t a b i l i t y  r e s u l t s .
Emul s i on  d r o p l e t  s i z i n g  o f  e m u l s i o n s  made  f r o m  
s o l u t i o n s  c o n t a i n i n g  0.25% ( w/ w)  p r o t e i n  a r e  g i v e n  i n  Tab l e
3 . 9 .
T a b l e  3.9.  Emu l s i o n  d r o p l e t  s i z i n g  (0.25% p r o t e i n )  measur ed 
m a n u a l l y .
Aver age s i z e  (pm) S.D.
1.26 ±0.207
1.51 ±0.262
1.46 ±0.189
The d r o p l e t  s i z e s  i n  t he  0.25% ( w/ w)  p r o t e i n  emu l s i o ns  
were l a r g e r  t h a n  i n  t h e  1 % ( w / w )  p r o t e i n  e m u l s i o n s  and 
e x h i b i t e d  a b e t t e r  c o r r e l a t i o n  w i t h  t h e  s t a b i l i t y  r e s u l t s  
( R = 0. 9 7 ) .
Sampl e 
BSA
S5 0 
S82
3 . 3 . 8 . 4.  Ther mal  t r e a t m e n t
Heat i ng  t he  aqueous 6 % ( w/ w)  p r o t e i n  s o l u t i o n s  at  90°C 
f o r  30 mi n  c a u s e d  BSA and u l t r a f i l t e r e d  BSA t o  f o r m  g e l s .
N e i t h e r  o f  t h e  s u c c i n y l a t e d  s a mp l e s  g e l l e d  even when t h e  
heat  t r e a t m e n t  was p r o l o n g e d  t o  1 h o u r  i n  a b o i l i n g  w a t e r  
bat h.  Howe v e r ,  n a t i v e  BSA and s a mp l e  S8 2 , d i s s o l v e d  i n  a 
0.1M c a l c i u m c h l o r i d e  s o l u t i o n  and heat ed at  95°C f o r  30 mi n 
r e s u l t e d  i n  f i r m  ge l s .  The gel  s t r e n g t h  v a l u e s  are g i v e n  i n  
Tab l e  3. 10.
Ta b l e  3 . 10 .  S t r e n g t h  o f  s a mp l e s  g e l l e d  i n  t h e  p r e s e n c e  o f  
c a l c i  um.
6mm Compr ess i on  1 2  mm Compr ess i on
(g) (g)
BSA 7 . 5±8„3 5 7±8.2
S82 14 . 2±4. 8 16 0±4 3.1 j-
|  S i g n i f i c a n t  a t  t he  0.0001 l e v e l
The s u c c i n y l a t e d  sampl e  when g e l l e d  i n  t he  p r esence  o f  
c a l c i u m  was s i g n i c a n t l y  f i r m e r  t h a n  t he  BSA c o n t r o l .
3 . 4 .  D i s c u s s i o n
3 . 4 . 1 .  Ex t e n t  o f  s u c c i n y l a t i o n
The e x t e n t  o f  t h e  r e a c t i o n  o f  s u c c i n i c  a n h y d r i d e  w i t h  
t h e  ami no  g r o u p s  o f  l y s i n e  r e s i d u e s  i n d i c a t e d  t h a t  f a i r l y  
e x t e n s i v e  s u c c i n y l a t i o n  had been ache i ved .  F i f t y  and 82% o f  
t h e  ami n o  g r o u p s ,  me a s u r e d  by n i n h y d r i n  r e a g e n t ,  i n  n a t i v e  
BSA had been s u c c i n y l a t e d .  The e x t e n t  o f  t h e  r e a c t i o n  was 
c o n s i s t e n t  w i t h  t h a t  r e p o r t e d  by o t h e r  wo r k e r s  eg. Hoagl and
(1966)  r e a c t e d  3 - c a s e i n  w i t h  s u c c i n i c  a n h y d r i d e  i n  t h e  r a t i o  
o f  1 : 1  ( w / w )  t o  s u c c i n y l a t e  8 6 % o f  t h e  a m i n o  g r o u p s .
Oppenhei mer  et  aj_ ( 19 6 7) a c h i e v e d  a 90% s u c c i n y l a t i o n  by 
r e a c t i n g  myos i n  w i t h  s u c c i n i c  a n h y d r i d e  i n  t h e  r a t i o  o f  1 : 3
(w/ w) .  To t a l  s u c c i n y l a t i o n  of  a l l  ami no gr oups  was ach i eved 
by u s i n g  a t e n f o l d  m o l a r  e x c e s s  o f  s u c c i n i c  a n h y d r i d e  t o  t h e  
l y s i n e  r e s i d u e s  of  peps i nogen  ( Go u r n a r i s  and Per l man,  1967) .
Si de r e a c t i o n s  o f  s u c c i n i c  a n h y d r i d e  w i t h  t h e  
s u l p h y d r y l  g r o u p s  (SH) o f  c y s t e i n e  and m e t h i o n i n e  r e s i d u e s  
i n c r e a s e d  f r o m  15 t o  25% w i t h  i n c r e a s i n g  s u c c i n y l a t i o n  o f  
t h e  ami no gr oups f r om 50 t o  82% r es pect  i v el  y.  Measur ement  
o f  SH groups i n  BSA by r e a c t i o n  w i t h  E l l ma n ' s  r e a g e n t ,  a f t e r  
t h e  s o l u t i o n  was h e l d  u n d e r  n i t r o g e n ,  gave a h i g h e r  r e s u l t  
o f  0.67 mo l e s  o f  SH g r o u p s  p e r  mo l e  o f  p r o t e i n  c o mp a r e d  t o  
t h e  c o n t r o l  o f  0.57,  wh i ch  c o r r e l a t e d  b e t t e r  w i t h  l i t e r a t u r e  
va l ues  eg.  E d s a l l  ( 1 9 5 4 )  o b t a i n e d  t h e  f i g u r e  o f  0 . 68 mo l e s  
o f  SH gr oups per  mo l e  o f  p r o t e i n .
Measur ement  o f  SH g r o u p s  i n  t h e  p r e s e n c e  o f  Gu- HCl  
gave l o w e r  r e s u l t s  t h a n  i n  b u f f e r  a l one  due t o  i n t e r f e r e n c e  
by Gu-HCl .  K o l t h o f f  and W i l l e f o r d  (1957)  s t u d i e d  t he e f f e c t  
o f  d e n a t u r a t i o n  on t h e  r e a c t i v i t y  o f  t h e  SH g r o u p s  i n  BSA.  
The n a t i v e  p r o t e i n  r e a c t e d  w i t h  0. 68 mo l e s  o f  A g + and Hg + 
when t i t r a t e d  a m p e r o m e t r i c a l l y  i n  ammoni um b u f f e r .  On 
d e n a t u r a t i o n  w i t h  4M Gu- HCl  a t  pH 7, l o w e r  r e s u l t s  ( a r o u n d  
0. 5 S H / m o l e )  w e r e  o b t a i n e d  by d i r e c t  t i t r a t i o n .  I f ,  
however ,  t h e  d e n a t u r e d  p r o t e i n  was exp os e d  t o  a s m a l l  e x c e s s  
o f  A g + o r  Hg+ f o r  15 mi n  t h e  o r i g i n a l  u p t a k e  o f  0. 68 mo l e s  
was o b t a i  ned.
The r e d u c t i o n  i n  t h e  r e a c t i v i t y  o f  p a r t  o f  t h e  SH 
gr oups was a t t r i b u t e d  t o  c r o s s  l i n k i n g  b e t w e e n  SH and SS 
gr oups i n  t h e  p r o t e i n .  The r e a c t i o n  o f  s u c c i n i c  a n h y d r i d e  
w i t h  SH g r o u p s  has a l s o  been q u o t e d  p r e v i o u s l y .  G r o n i n g e r  
(1973)  and G r o n i n g e r  and M i l l e r  ( 1 9 7 9 ) ,  w o r k i n g  w i t h  f i s h  
p r o t e i n ,  showed t h a t  1 / 3  t o  1 / 4  o f  t h e  SH g r o u p s  r e a c t e d
w i t h  s u c c i n i c  a n h y d r i d e ,  and f ound no r e l a t i o n s h i p  bet ween 
t h i s  r e a c t i o n  and t h e  e x t e n t  o f  s u c c i n y l a t i o n  o f  t h e  ami no  
gr oups.  Ma and Hol me ( 1982)  r e a c t e d  egg a l b u me n  w i t h  
s u c c i n i c  a n h y d r i d e  and r e p o r t e d  t h a t  even  a t  1 0 0 % 
s u c c i n y l a t i o n ,  SH g r o u p s  w e r e  n o t  s i g n i f i c a n t l y  d e c r e a s e d .  
Us i ng  o a t  p r o t e i n s ,  h o w e v e r ,  G o u l e t  jet _al_ ( 1 987 )  c o n f i r m e d  
t h e  f i n d i n g s  o f  t h i s  s t u d y ,  t h a t  i n c r e a s i n g  t h e  e x t e n t  o f  
s u c c i n y l a t i o n  o f  t h e  ami n o  g r o u p s  i n c r e a s e d  t h e  r e a c t i o n  
w i t h  t he  s u l p h y d r y l  g r oups .
The number  o f  p o s s i b l e  s t r u c t u r e s  t h a t  c ou l d  have been 
f ormed by t h e  s u c c i n y l a t i o n  o f  ami no gr oups was exami ned by 
comput er  mo d e l l i n g .  The t h r e e  p o s s i b l e  s t r u c t u r e s  are shown 
as f o r m u l a e  and as t h e  c o m p u t e r  mo d e l s .  I t  was c o n s i d e r e d  
t h a t  s i n c e  s u c c i n i c  a n h y d r i d e  i s  d e r i v e d  f r om a d i c a r b o x y l i c  
ac i d  i t  c o u l d  have r e a c t e d  w i t h  t wo l y s i n e  r e s i d u e s  f o r m i n g  
a b r i d g e d  s t r u c t u r e  o r  c y c l i s e d  as shown bel ow.
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The l i k e l i h o o d  o f  t h e s e  s t r u c t u r e s  o c c u r r i n g  has been 
assessed by c a l c u l a t i n g  t he  mi ni mum c o n f o r m a t i o n a l  ener gy  i n  
compar i son  t o  t he  s t r a i g h t  c ha i n  d e r i v a t i v e  as shown bel ow.
Energy ( k J / mo l e )
L y s i n e  + s u c c i n a t e  s t r a i g h t  cha i n  - 13. 65
L y s i n e  + s u c c i n a t e  c r o s s - l i n k e d  -32. 52
L y s i n e  + s u c c i n a t e  c y c l i s e d  +4.24
Si nce t h e  f o r m a t i o n  o f  a c r o s s - l i n k e d  d e r i v a t i v e  i s  
e n e r g e t i c a l 1 y f a v o u r a b l e  i s  i s  p r o b a b l e  t h a t  i t  has o c c u r r e d  
i n  t h e  s u c c i n y l a t e d  s a m p l e s  t o  some d e g r e e ,  t h e  e x t e n t  t o  
whi ch wo u l d  be d e t e r m i n e d  by t h e  p o s i t i o n i n g  o f  l y s i n e  
gr oups a l o n g  t h e  a mi n o  a c i d  c h a i n .  I n  c e r t a i n  p l a c e s ,  f o r  
exampl e i n  p o s i t i o n s  131 and 132,  and 522 and 523 t h e r e  a r e  
a d j a c e n t  l y s i n e  r e s i d u e s  and at  p o s i t i o n s  51 and 64,  503 and 
519,  and 279 and 284 l y s i n e  r e s i d u e s  l i e  o p p o s i t e  i n  t h e  
l ooped t h r e e  d i m e n s i o n a l  s t r u c t u r e .  The r e s u l t  o f  t h e  
f o r m a t i o n  o f  t h e  c r o s s - l i n k e d  s t r u c t u r e  o c c u r r i n g  woul d be a 
non t i t r a t i n g  a c i d  g r o u p  on t h e  s u c c i n a t e  m o l e c u l e .  
T h e r e f o r e  t h e  number  o f  ami n o  g r o u p s  l o s t  by s u c c i n y l a t i o n  
woul d be g r e a t e r  t h a n  t h e  numbe r  o f  c a r b o x y l  g r o u p s  added.  
However ,  t h e r e  was f a i r l y  good a g r e e m e n t  b e t w e e n  t h e s e  
measurement s and t h i s  may be e x p l a i n e d  by r e p u l s i o n  o f  a mi n o  
groups and t o  t h e  f a c t  t h a t  a d j a c e n t  l y s i n e  r e s i d u e s  on an 
a - h e l i x  backbone wou l d  be o r i e n t a t e d  at  an ang l e  o f  4 5 °.
P l a t e  4.  S t r a i g h t  c h a i n  f o r m o f  s u c c i n y l a t e d  l y s i n e
P l a t e  5.  C r o s s - l i n k e d  f o r m o f  s u c c i n y l a t e d  l y s i n e
P l a t e  6 . C y c l i s e d  f o r m o f  s u c c i n y l a t e d  l y s i n e
3 . 4 . 2 .  P r o t e i  n concen t  r a t i  on
P r o t e i n  d e t e r m i n a t i o n  o f  n a t i v e  c o mp a r e d  t o  m o d i f i e d  
p r o t e i n s  has i n h e r e n t  d i f f i c u l t i e s .  S u c c i n y l a t i o n ,  f o r  
exampl e,  m o d i f i e s  a mi n o  g r o u p s ,  o v e r a l l  c h a r g e  and t h e  
e x t i n c t i o n  c o e f f i c i e n t  i n  u l t r a v i o l e t  s p e c t r a l  s t u d i e s  
( K i rs c h en b aum, 1 9 7 1 ) ,  w h i c h  l i m i t s  t h e  use o f  me a s u r e me n t  by 
n i n h y d r i n  r e a g e n t ,  Coomass i e b l u e  and by s p e c t r o p h o t o m e t r i c  
d e t e r m i n a t i o n  a t  280nm r e s p e c t i v e l y .  I n a d d i t i o n ,  a L o wr y  
p r o t e i n  d e t e r m i n a t i o n  uses  t h e  b i u r e t  r e a c t i o n  o f  p r o t e i n  
w i t h  c o p p e r  i o n s  i n  a l k a l i  and t h e  r e d u c t i o n  o f  t h e  
phosphomo 1 y b d i c - p h o s p h o t u n g s t i c  r e a g e n t  by t h e  t y r o s i n e  and 
t r y p t o p h a n  p r e s e n t  i n  t h e  t r e a t e d  p r o t e i n .  The c hange  i n  
t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  s u c c i n y l a t e d  p r o t e i n s  i s  
t h o u g h t  t o  be d ue  t o  c o n f o r m a t i o n a l  c h a n g e s  b r i n g i n g  
a r o ma t i c  g r o u p s  f r o m  t h e  h y d r o p h o b i c  i n t e r i o r  o f  t h e  
mo l e c u l e  t o  t h e  e x t e r i o r  and t h e r e f o r e  ma k i n g  t hem mo r e  
a c c e s s i b l e  f o r  m e a s u r e m e n t .  C o n f o r m a t i o n a l  c h a n g e s  
t h e r e f o r e  may a l so  a f f e c t  t he  measur ement  of  t hese  gr oups  by 
a Lowr y  d e t e r m i n a t i o n .  The d i s a d v a n t a g e  o f  u s i n g  a K j e l d a h l
p r o t e i n  e s t i m a t i o n  i s  t h a t  l a r g e  q u a n t  i e s o f  s a mp l e  a r e  
req u i r ed .
I n a d d i t i o n  t o  d i f f i c u l t i e s  i n  p r o t e i n  e s t i m a t i o n ,  t he  
f r e e z e - d r i e d  p r o t e i n s  we r e  h y g r o s c o p i c .  A l l  a n a l y s e s  we r e  
t h e r e f o r e  c a r r i e d  o u t  on f r e s h l y  f r e e z e - d r i e d  p o wd e r s  and 
a l l  u l t r a f i l t e r e d  s a m p l e s  we r e  assumed t o  have a s i m i l a r  
p r o t e i n  c o n c e n t r a t i o n .
3 . 4 . 3 .  pH Ti  t r a t i  on
The pH t i t r a t i o n  cu r v e  o f  BSA was ma r k ed l y  a l t e r e d  b y  
s u c c i n y l a t i o n .  The s mo o t h  c u r v e  shown i n  f i g u r e  3.1 i s  
t y p i c a l  o f  BSA and i s  u n u s u a l  s i n c e  t h e  t i t r a t i o n  c u r v e s  o f  
most  p r o t e i n s  show d i s t i n c t  r e g i o n s  wher e f u n c t i o n a l  gr oups 
t i t r a t e .  T h e  t i t r a t i o n  b e h a v i o u r  o f  BSA has  b e e n  
e x t e n s i v e l y  s t u d i e d .  F o s t e r  and Aok i  ( 1958)  i d e n t i f i e d  a 
c o n f o r m a t i o n a l  change  ( c a l l e d  t h e  N t o  F t r a n s f o r m a t i o n )  
t h a t  occur s  a t  pH 4,  i n f e r r e d  f r om e l e c t r o p h o r e t i c  d a t a  and 
s u b t l e  v i s c o s i t y  c h a n g e s ,  w h i c h  i n v o l v e d  t h e  b i n d i n g  o f  
about  12 p r o t o n s .  Thus a t  t h i s  pH t wo k i nds  o f  p r o t e i n  i ons  
e x i s t  w h i c h  d i f f e r  s u b s t a n t i a l l y  i n  c h a r g e .  T h e  
c o n f o r m a t i o n a l  c h a n g e s ,  w h i c h  a r e  t h o u g h t  t o  i n c l u d e  
m o l e c u l a r  expans i on ,  l i m i t  t he  a c c e s s i b i l i t y  of  f u n c t i o n a l  
groups f o r  t i t r a t i o n .
S u c c i n y l a t i o n  a l t e r e d  t h e  t i t r a t i o n  c u r v e  o f  n a t i v e  
BSA i n  t h a t  d e v i a t i o n s  f r o m  t h e  t y p i c a l  s m o o t h  c u r v e  
appear ed and t h e  e x t e n t  o f  t h e  d e v i a t i o n s  i n c r e a s e d  w i t h  
p r o g r e s s i v e  s u c c i n y l a t i o n .  S u c c i n y l a t i o n  seemed t o  p r e v e n t  
t h e  c o n f o r m a t i o n a l  c h a n g e s  w h i c h  gave r i s e  t o  t h e  t y p i c a l  
smooth BSA t i t r a t i o n  cur ve .  N e g l e c t i n g  t h e  r a p i d  change o f  
pH a r o u n d  pH 7 as HC1 was added,  t h e  s t e e p e s t  s l o p e  o f  t h e
71  . „ .
subsequent  p H / v o l u m e  g r a p h ,  f o l l o w i n g  a b u f f e r  r e g i o n ,  was 
c h a r a c t e r i s t i c  o f  t h e  t i t r a t i o n  o f  weak a c i d  g r o u p s  w i t h  a 
s t r o n g  a c i d ,  and t h e r e f o r e  may be used t o  d e t e r m i n e  t h e  
number o f  such a c i d  g r o u p s .  As d e s c r i b e d  e a r l i e r ,  t h e  BSA 
cu r ve  d i d  n o t  a l l o w  any e s t i m a t e  o f  a c i d  g r o u p s  t o  be made.  
The s t e e p e s t  d e s c e n t s  on t h e  S 5 q and S g 2 t i t r a t i o n  c u r v e s  
wer e a t  0. 76 and 1 . 30 ml  r e s p e c t i v e l y .  Fr om t h e s e  t i t r e s  
was s u b t r a c t e d  t h e  0.3M HC1 r e q u i r e d  t o  n e u t r a l i s e  t h e  
i n i t i a l  a d d i t i o n  o f  NaOH. ( I f  0 . 08 ml o f  1M NaOH had been 
added,  t h e  c o r r e c t i o n  i s  0. 27 m l ,  i t  may be n o t e d  t h a t  a l l  
t he  c u r v e s  r e a c h  pH 7 i n  t h i s  r e g i o n . )  Thus  t h e  c o r r e c t e d  
t i t r e s  wer e  0. 49 and 1.03 ml  o f  0.3M HC1 f o r  25 ml  o f  a 1 % 
( w/ v)  p r o t e i n  s o l u t i o n .  The measured c o n c e n t r a t i o n s  o f  ac i d  
groups pe r  l i t r e  we r e  t h e r e f o r e  5. 88 X 10"  3 and 1. 24 X 10"  
3 M. Us i ng t h e  f i g u r e  66, 000 f o r  t h e  m o l e c u l a r  w e i g h t  o f  BSA 
t h e  a p p a r e n t  number  o f  a c i d  g r o u p s  p e r  m o l e c u l e  o f  p r o t e i n  
were 39 and 82 i n  Sg0 and Sg2 r e s p e c t i v e l y .  Thus t he number  
o f  added a c i d  g r o u p s  p e r  m o l e c u l e  me a s u r e d  by t i t r a t i o n  
c o r r e l a t e d  (R = 0 . 98)  w i t h  t h e  r e d u c t i o n  i n  t h e  n u mbe r  o f  
amino g r o u p s  me a s u r e d  w i t h  n i n h y d r i n  ( 30 . 5  and 50 ) .  These 
r e s u l t s  i n d i c a t e d  t h a t  t h e  a c i d  g r o u p s  a t t a c h e d  by 
s u c c i n y l a t i o n  a r e  t h e  o n l y  g r o u p s  a c c e s s i b l e  f o r  t i t r a t i o n  
by t h i s  means and i t  may be t h a t  o t h e r  g r o u p s  w e r e  w e l l  
b u f f e r e d  by p r o x i ma t e  gr oups i n  t h e  3 d i me n s i o n a l  s t r u c t u r e .
Ma and Hol me ( 1982)  t i t r a t e d  n a t i v e  and s u c c i n y l a t e d  
egg a l b u me n  a g a i n s t  0.1M HC1 o v e r  t h e  pH r a n g e  8.0 t o  3.0 
and f o u n d  an i n c r e a s e  i n  t h e  mi l l i  e q u i v a l e n t s  o f  H+ bound  
f r om 0.85 t o  1.11 r e s p e c t i v e l y .  T h e i r  r e s u l t s  showed  a 
s i m i l a r  p a t t e r n  t o  t h o s e  o f  n a t i v e  and s u c c i n y l a t e d  BSA but  
were l e s s  d r a m a t i c  due t o  t h e  l o w  c o n c e n t r a t i o n  o f  a c i d  
u sed.
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3 . 4 . 4 .  Hyd r o p ho b i  c i  t y
S u c c i n y l a t i o n  was shown t o  p r o g r e s s i v e l y  d e c r e a s e  t h e  
hydr ophobi  c i t y  o f  BSA me a s u r e d  by t h e  f l u o r e s c e n t  p r o b e  
c i s - p a r i n a r i c a c i d  by s l i g h t l y  v a r y i n g  t h e  p r o c e d u r e .  
Ac t ua l  v a l u e s  f o r  h y d r o p h o b i c i t y  we r e  shown t o  d i f f e r  
mar ked l y  d e p e n d i n g  on t h e  e x a c t  me a s u r e me n t  c o n d i t i o n s .  
Compar i s i on  w i t h  l i t e r a t u r e ,  f o r  t h i s  r eason seems o f  l i t t l e  
va l ue .  I n a d d i t i o n  t h e  f l u o r i m e t e r  was c a l i b r a t e d  w i t h  t h e  
h y d r op h o b i c  s t a n d a r d  decane and t h i s  f a c t o r  d i f f e r s  ma r k e d l y  
bet ween p a p e r s  ( Hayakawa and N a k a i ,  19 85;  T s u t s u i  e t  a l . ,  
19 86 ; ,  Vout  s i na s e t  a l . 1983a and b;  L i  Chan _et a_l_., 19 84 ; 
Townsend and Naka i ,  19 83.) Ma and Hol me (1982)  measured t he  
hyd r op hob i ci  t y  o f  egg a l b u me n  u s i n g  t h e  met hod  o f  Ka t o  and 
Nakai  ( 1980)  w i t h  20 mg l i t r e - 1  SDS and f o u n d  t h a t  t h e  
h y d r o p h o b i c i t y  r emai ned  c o n s t a n t  on s u c c i n y l a t i o n  even when 
1 0 0 % o f  t h e  a mi n o  g r o u p s  had r e a c t e d .  S i n c e  h y d r o p h o b i c i t y  
i s  t h e  t e r m  g i v e n  t o  t h e  r a t i o  o f  n o n p o l a r  t o  p o l a r  g r o u p s  
on a p r o t e i n  i t  seems i n c o n g r u o u s  t h a t  t h e  a d d i t i o n  o f  p o l a r  
ac i d  g r o u p s  on s u c c i n y l a t i o n  s h o u l d  n o t  d e c r e a s e  
hyd rop hobi  c i  t y .
The h y p o t h e s i s  t h a t  BSA f o r ms  m i c e l l e s  i n  aqueous  
s o l u t i o n  was  p u t  f o r w a r d  b e c a u s e  t h e  r e s u l t s  f o r  
h y d r o p h o b i c i t y  i n  t h e  absence o f  SDS d i d  not  g i v e  a s t r a i g h t  
l i n e  r e l a t i o n s h i p  b e t w e e n  p r o t e i n  c o n c e n t r a t i o n  and 
f l u o r e s c e n c e  i n t e n s i t y .  F o r m a t i o n  o f  m i c e l l e s  may be 
e n e r g e t i c a l l y  f a v o u r a b l e  s i n c e  BSA has an u n u s a l l y  h i g h  
s u r f a c e  h y d r o p h o b i c i t y  owi  ng t o  i t s  p h y s i o l o g i c a l  r o l e  o f  
t r a n s p o r t i n g  a n i o n i c  a m p h i p h i l e s  a r o u n d  t h e  body  ( T a n f o r d  
1980) .  The d i f f i c u l t y  o f  d i s t i n g u i s h i n g  b e t w e e n  i n t r a -  o r
i n t e r - mo  1 e c u l a r  bonds when m e a s u r i n g  h y d r o p  h o b i c i t y  was 
d i s c u s s e d  by T a n f o r d  ( 1980 )  u s i n g  t h e  f l u o r e s c e n t  p r o b e  1 - 
a n i l i  n o - 8 - n a p h t h a l  ene su l p h o n a t e .
The r e a c t i o n  b e t w e e n  c i s - p a r  i n a r  i c a c i d  and t h e  
p r o t e i n s  e x a m i n e d  i n  t h e  p r e s e n c e  o f  SDS p r o d u c e d  
f l u o r e s c e n c e  o f  l o w e r  i n t e n s i t y  t h a n  i n  t h e  a b s e n c e  o f  SDS. 
Th i s  p h e n o me mo n  may be due  t o  t h e  b i n d i n g  o f  SDS t o  
h y d r o p h o b i c  g r o u p s ,  l i m i t i n g  t h e i r  a c c e s s i b i l i t y  t o  t h e  
f l u o r e s c e n t  pr obe and t h e r e f o r e  t o  measur ement .  Kato _et a l . 
( 1984)  used t h e  f a c t  t h a t  SDS b i n d s  t o  h y d r o p h o b i c  r e g i o n s  
o f  p r o t e i n s  t o  d e v e l o p  a new me t hod  f o r  e s t i m a t i n g  
hyd r ophobi  c i t y .
The f a c t  t h a t  d e t e r g e n t s  b i n d  t o  p r o t e i n s  i s  w e l l  
document ed ( S t e i n h a r d t  and B e y c h o k ,  1964) .  R e y n o l d s  e t  a l .
(1967)  s t a t e d  t h a t  BSA b i n d s  a p p r o x i m a t e l y  t e n  a n i o n s  o f  
dodecy l  s u l p h a t e .  They a l s o  s t u d i e d  t h e  b i n d i n g  o f  a l k y l  
s u l p h a t e s  and s u l p h o n a t e s  w i t h  car bon ch a i n  l e n g t h s  f r om C g  
t o  C ^ 4 and C ^ 2 r e s p e c t i v e l y  t o  BSA and f o u n d  t h a t  o n l y  
dodecy l  and m y r i s t y l  s u l p h a t e  p r o d u c e d  a g r o s s l y  
d i s o r g a n i s e d  p r o t e i n  s t r u c t u r e .  Thus t he  degr ee o f  p r o t e i n  
u n f o l d i n g  b r o u g h t  a b o u t  by a n i o n  b i n d i n g ,  Re y n o l d s  _et_ a 1. 
(196 7) c o n c l u d e d ,  de pe n d e d  on one o r  a c o m b i n a t i o n  o f  t h e  
f  o 1 1  owi  ng f  act  o rs :
a. The e l e c t r o s t a t i c  r e p u l s i o n  bet ween t h e  char ges  o f  bonded 
sp e c i e s  and o v e r a l l  p r o t e i n  char ge,
b. The ease o f  p e n e t r a t i o n  o f  t h e  h y d r o c a r b o n  t a i l  i n t o  
n o n p o l a r  r e g i o n s  o f  t h e  p r o t e i n  c o n f o r m a t i o n  and
c. Changes i n  t h e  p r o t  ei  n-hyd rogen i on  e q u i l b r i u m  r e s u l t i n g  
i n  an i n c r e a s e  i n  e l e c t r o s t a t i c  r e p u l s i o n  b e t w e e n  c h a r g e d  
sp e c i e s  w h i c h  a r e  an i n t e g r a l  p a r t  o f  t h e  p r o t e i n  
c o n f o r m a t i o n  s u c h  as  t h o s e  i n v o l v e d  i n  t h e  N - F
t r a n s f o r m a t i o n s .
P i t t - R i v e r s  and I mp i o i nbat o  ( 1968) exami ned t he  b i n d i n g  
o f  SDS t o v a r i o u s  p r o t e i n s  and showed t h a t  s u c c i n y l a t i o n  o f  
BSA d e c r e a s e d  t h e  a mo u n t  o f  SDS bound f r o m  0. 93 mg/ mg 
p r o t e i n  t o  0.61,  i n d i c a t i n g  agai n  t he  i n f l u e n c e  o f  chang i ng  
t h e  p r o t e i n  char ge and hydr ogen i on  e q u i l i b r i u m .
3 . 4 . 5 .  E l e c t r o p h o r e s i s
3 . 4 . 5 . 1 .  I s o e l e c t r i c  f o c u s i n g  ( I EF)
S u c c i n y l a t i o n  o f  BSA d e c r e a s e d  t h e  i s o e l e c t r i c  p o i n t  
( p i )  by t h e  a d d i t i o n  o f  a c i d  g r o u p s  t h u s  i n c r e a s i n g  t h e  
o v e r a l l  n e g a t i v e  c h a r g e  on t h e  m o l e c u l e .  T h i s  e f f e c t  o f  
s u c c i n y l a t i o n  l o w e r i n g  t h e  p i  has  b e e n  q u o t e d  i n  t h e  
l i t e r a t u r e  and i s  n o t  d e p e n d e n t  on t h e  p r o t e i n .  Ma and 
Holme ( 1982)  showed t h a t  p r o g r e s s i v e  s u c c i n y l a t i o n  o f  egg 
al bumen p r o g r e s s i v e l y  d e c r e a s e d  t h e  p i .  I n  a d d i t i o n ,  Chen 
et  a 1 ( 19 75) ,  Th o mp s on  and Reyes ( 19 79) and F r a n z e n  and
K i n s e l l a  (1976 a) r e p o r t e d  t he  same e f f e c t  w i t h  f i s h  p r o t e i n ,  
whey and s o y a  r e s p e c t i v e l y .  The  r e d u c t i o n  i n  p i  by 
s u c c i n y l a t i o n  has been used as a t o o l  t o  a s s i s t  p u r i f i c a t i o n  
o f  y e a s t  p r o t e i n  i s o l a t e  and c o t t o n  seed i s o l a t e s  ( S h e t t y  
and K i n s e l l a ,  1979;  Cho i  ejt a 1 . , 1981) .  T a b l e  3.11 shows  
t h e  e x t e n t  o f  t h e  i n c r e a s e  i n  t o t a l  p r o t e i n  n e g a t i v e  char ge 
caused by s u c c i n y l a t i o n .
T a b l e  3 . 1 1  T h e  i n c r e a s e  i n  n e g a t i v e  c h a r g e  a f t e r
s u c c i n y l a t  i  on
N a t i v e  B SA $ 50 Sg2
60+ve l y s i n e  50% o f  61 = 30 . 5 - ve  82% o f  61 = 5 0 - ve
1+ve a - ami no  30. 5+ve u n r ea c t e d  ami no 11 + ve un r eac t ed  gps
104- ve  C00H gps 104- ve COOH gps 104- ve  COOH gps
23+ve a r g i n i n e  23+ve a r g i n i n e  r e s i d u e  23+ve a r g i n i n e  res.
2 0 - ve  o v e r a l l  81 - ve  o v e r a l l  1 2 0 - v e  o v e r a l l
char ge char ge  char ge
I t  seems l i k e l y  t h a t  t h e  i n c r e a s e  i n  n e g a t i v e  c h a r g e  
cou l d  cause m o l e c u l a r  expans i on  wh i c h ,  i f  s u b u n i t s  wer e o n l y  
l o o s e l y  a t t a c h e d ,  c o u l d  r e s u l t  i n  d i s s o c i a t i o n .  Bo t h  o f  
t h e s e  p o s s i b i l i t i e s  have  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  
Habeeb ( 1967)  d e t e r m i n e d  t h e  S t o k e s  r a d i u s  o f  n a t i v e  and 
s u c c i n y l a t e d  BSA and s h o w e d  t h a t  i n c r e a s i n g  l e v e l s  o f  
s u c c i n y l a t i o n  c a u s e d  a p r o g r e s s i v e  m o l e c u l a r  e x p a n s i o n .  
A d d i t i o n a l l y ,  Hass ( 1964 )  and B e u c h a t  ( 1977)  showed t h a t  
s u c c i n y l a t i o n  o f  a l d o l a s e  and p e a n u t  f l o u r  r e s p e c t i v e l y  
caused d i s s o c i a t i o n  i n t o  s u b u n i t s .  The m u l t i p l e  bands wh i ch  
were s e p a r a t e d  i n  t h e  s a m p l e  Sg2 i n d i c a t e d  d i s s o c i a t i o n  
whi ch was assessed more d i r e c t l y  by SDS-PAGE.
3 . 4 . 5 . 2 .  N o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  gel
e l e c t r o p h o r e s i s  ( Nat i ve- PAGE)
The s e p a r a t i o n  o f  p r o t e i n s  by t h i s  m e t h o d  i s
d e t e r mi n e d  by a c o m b i n a t i o n  o f  r e l a t i v e  m o l e c u l a r  mass and 
o v e r a l l  char ge,  and succ i  n y l a t i o n  has been shown t o  i n c r e a s e  
t h e  o v e r a l l  n e g a t i v e  char ge  s u b s t a n t i a l l y .  The r e s u l t  was an 
i n c r e a s e  i n  m o b i l i t y  o f  t h e  m a j o r  bands  o f  n a t i v e  and
s u c c i n y l a t e d  BSA b y  9 . 6% a n d  103% i n  s a m p l e s  S g 0 a n d  S g 2
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r es pect  i v el  y.  I n  a d d i t i o n ,  t h e  m i n o r  band and p a r t  o f  t h e  
ma j o r  band i n  t h e  n a t i v e  BSA s a mp l e  f o r me d  a v a r i e t y  o f  
p r o d u c t s  whi ch s e p a r a t e d  i n t o  many bands.
3 . 4 . 5 . 3 .  D i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  (SDS-PAGE)
The s e p a r a t i o n  o f  p r o t e i n s  by t h i s  met hod i s  g e n e r a l l y  
c o n s i d e r e d  t o  be d e t e r m i n e d  by r e l a t i v e  m o l e c u l a r  mass 
a l one.  Ho we v e r ,  t h i s  c o n s i d e r a t i o n  i s  based on t h e  t h e o r y  
t h a t  a l l  p r o t e i n s  b i n d  an equa l  amoun t  o f  SDS a l t h o u g h  
e x c e p t i o n s  t o  t h i s  r u l e  have been i n v e s t i g a t e d  ( Weber  and 
Osbourne,  1975) .  One o f  t h e s e  e x c e p t i o n s  i s  s u c c i n y l a t e d  
BSA ( P i t t - R i v e r s  and I mp i o mb a t o ,  1968) wh i ch  b i nds  o n l y  0.61 
mg SDS p e r  mg p r o t e i n  c o mp a r e d  t o  0.93 mg SDS p e r  mg p r o t e i n  
f o r  n a t i v e  BSA. T h e r e f o r e  t h e  mo l e c u l a r  w e i g h t  c a l c u l a t e d  
by t h e  m o b i l i t y  on an SDS-PAGE gel  w i l l  u n d e r e s t i m a t e  t h e  
t r u e  m o l e c u l a r  w e i g h t  by 52%. I t  seems p r o b a b l e  t h a t  t h e  
e x t e n t  o f  s u c c i n y l a t i o n  w o u l d  d e t e r m i n e  t h e  e x a c t  
d i s c r e p a n c y ,  h o w e v e r  t h i s  has  n o t  b e e n  s t u d i e d  i n  t h e  
l i t e r a t u r e .  By c a l c u l a t i o n  s u c c i n y l a t i o n  o f  50 and 82% o f  
t h e  ami no gr oups s h o u l d  i n c r e a s e  t he  m o l e c u l a r  w e i g h t  o f  BSA 
f r om 6 6 , 0 0 0  D a l t o n s  t o  6 9 0 5 2  and 7 1 0 0 4  r e s p e c t i v e l y .  
Re s u l t s  o f  t h i s  o r d e r  w e r e  o b t a i n e d  o n l y  i f  3 - 
m ere ap t o e t hano l  was i n c l u d e d  i n  t h e  s a m p l e  b u f f e r  as i t  i s  
p r o b a b l e  t h a t  i n t a c t  SS bonds d i d  not  a l l o w  t h e  mo l e c u l e  t o  
f o r m t h e  l i n e a r  s h a p e  r e q u i r e d  f o r  f r e e  mo v emen t  down t h e  
gel  .
3 . 4 . 6 .  Ami no ac i d  a n a l y s i s
I n i t i a l  r e s u l t s  s u g g e s t  t h a t  t h e r e  w a s  l i t t l e  c h a n g e
i n  t h e  a mi n o  a c i d  c o m p o s i t i o n  o f  BSA a f t e r  s u c c i n y l a t i o n .  
I t  seems p r o b a b l e  t h a t  t h e  d e c r e a s e  i n  g l y c i n e  c o n t e n t  i n  
s u c c i n y l a t e d  BSA c o mp a r e d  w i t h  n a t i v e  BSA r e s u l t e d  f r o m  
p u r i f i c a t i o n  by u l t r a f i l t r a t i o n ,  and a c o n t r o l  s a m p l e  o f  
u l t r a f i l t e r e d  BSA was i n c l u d e d  i n  f u r t h e r  s t u d i e s .
3 . 4 . 7 .  C i r c u l a r  D i c h r o i s m
C i r c u l a r  d i c h r o i s m  i s  a t e c h n i q u e  w h i c h  uses  t h e  
d i f f e r e n c e  i n  a b s o r p t i o n  by a p r o t e i n  o f  r i g h t  and l e f t  
c i r c u l a r l y  p o l a r i s e d  l i g h t .  The  s p e c t r a  p r o d u c e d  a r e  
i n f l u e n c e d  m a i n l y  by t h e  p r o t e i n  b a c k b o n e  b u t  o t h e r  
o p t i c a l l y  a c t i v e  s i d e  c h a i n s  s u c h  as p h e n y l a l a n i n e ,  
t y r o s i n e ,  t r y p t o p h a n ,  c y s t i n e  and a c i d  g r o u p s  add m i n o r  
c o n t r i b u t i o n s .  G r e e n f i e l d  and Fasman (1969)  o b t a i n e d  model  
s p e c t r a  f o r  a - h e l i x ,  B - s h e e t  and r andom c o i l  f o r m a t i o n s  o f  
p o l y - L - l y s i n e  by a l t e r i n g  pH,  i o n i c  s t r e n g h  o r  t e m p e r a t u r e  
and t h e s e  s p e c t r a  can be used c a l c u l a t e  t h e  p r o p o r t i o n s  o f  
each t y p e  o f  f o r m a t i o n  i n  an unknowm s a mp l e .  The r e s u l t s  
showed t h a t  an i n c r e a s e  i n  t h e  l e v e l  o f  s u c c i n y l a t i o n  caused 
a p r o g r e s s i v e  d e c r e a s e  i n  t h e  a mo u n t  o f  a - h e l i x  and an 
i n c r e a s e  i n  t h e  a mo u n t  o f  0 - s h e e t  c o n f o r m a t i o n s .  I n  
a d d i t i o n  u l t r a f i l t r a t i o n  c a u s e d  mar ked  c o n v e r s i o n  f r o m  a-  
h e l i x  t o  0 - s h e e t  f o r  in a t  i o n  b u t  no i n c r e a s e  i n  r andom c o i l .  
These f i n d i n g s  i n d i c a t e d  t h a t  d u r i n g  u l t r a f i l t r a t i o n  t h e  BSA 
mo l ecu l es  opened up and adopt ed t h e  e n e r g e t i c a l l y  f a v o u r a b l e  
0 - s h e e t  c o n f o r m a t i o n  w i t h  a d j a c e n t  m o l e c u l e s .  On 
s u c c i n y l a t i o n ,  h o w e v e r ,  g r o u p s  we r e  added w h i c h  i n t e r f e r e d  
w i t h  t h e  f o r m a t i o n  o f  o r d e r e d  s t r u c t u r e s  and t h e r e f o r e  t h e  
amount  o f  random c o i l  i n c r e a s e d .
3 . 4 . 8 .  F u n c t i o n a l  Tes ts
3 . 4 .  8 . 1 .  V/ h i ppi ng
S u c c i n y l a t i o n  o f  BSA r e s u l t e d  i n  a p r o t e i n  w h i c h  on 
wh i p p i n g  gave an i n i t i a l  f oam v o l u me  s i m i l a r  t o  t h a t  s hown 
by n a t i v e  BSA b u t  t h e  f oam was much l e s s  s t a b l e .  The f oam 
expans i on  r e s u l t s  i n d i c a t e d  t h e  v i t a l  i m p o r t a n c e  o f  a 
s u c c e s s f u l  p u r i f i c a t i o n  a f t e r  m o d i f i c a t i o n ,  i n  o r d e r  t o  
c o r r e c t l y  e v a l u a t e  t h e  e f f e c t  o f  t h e  s u c c i n y l a t i o n ,  s i n c e  
t h e  p r esence  of  f r e e  s u c c i n i c  a n h y d r i d e  ma r k e d l y  i n c r e a s e d  
t h e  f oam e x p a n s i o n  and f oam s t a b i l i t y  o f  BSA.  A d e t a i l e d  
s t udy  of  t h e  l i t e r a t u r e  shows t h a t  wor ker s  who used a s h o r t  
p e r i o d  o f  d i a l y s i s  t o  r e mo v e  ex c e s s  s u c c i n i c  a n h y d r i d e  
quot ed i mpr oved  w h i p p i n g  r e s u l t s  f o r  s u c c i n y l a t e d  p r o t e i n s  
( C h i l d s  and Pa r k ,  1976;  F r a n z e n  and K i n s e l l a ,  1976a ;  Sa t o  
and N a k a m u r a ,  1 9 7 7 ;  B a l l  and W i n n ,  1 9 8 2 ;  and Ki m and 
K i n s e l l a ,  1987) ,  wher eas t h o s e  wor ker s  who used i s o e l e c t r i c  
p r e c i p i t a t i o n  t o  p u r i f y  s u c c i n y l a t e d  p r o t e i n s  q u o t e d  
i n f e r i o r  w h i p p i n g  r e s u l t s  ( G r o n i n g e r ,  1973;  Thompson and 
Reyes,  1979) .  The r e a s o n  f o r  enhanced  f oam e x p a n s i o n  and 
s t a b i l i t y  by f r e e  s u c c i n i c  a n h y d r i d e  i s  unknown b u t  may be 
due t o  i t s  a b i l i t y  t o  l o w e r  s u r f a c e  t e n s i o n .
The l o w e r  h y d r o p h o b i c i t y  o f  t he  s u c c i n y l a t e d  p r o t e i n s  
compared w i t h  n a t i v e  BSA may have r e s u l t e d  i n  i n f e r i o r  
wh i p p i n g  p r o p e r t i e s  o f  t h e  f o r m e r  due t o  an a l t e r a t i o n  o f  
t h e  hyd rop hi  1 i c/1 i pop hi  1 i c b a l a n c e  ( H a i l i n g ,  1981;  Aok i  ejt 
al  . ,  1984) .  F u r t h e r ,  t h e  r e d u c t i o n  i n  t he  degr ee o f  a - h e l i x  
i n  t h e  s u c c i n y l a t e d  s a m p l e s  i . e .  a c hange  f r o m  o r d e r e d  t o  
d i s o r d e r e d  s t r u c t u r e  i n  a p r o t e i n  i s  r e p o r t e d  t o  be 
f a v o u r a b l e  f o r  r a p i d  a d s o r p t i o n  and r e a r r a n g e m e n t  a t  t h e
a i r / w a t e r  i n t e r f a c e  b u t  n o t  f o r  f oam s t a b i l i t y  (Song and 
Damodaran,  1987 ; Graham and P h i l l i p s ,  1980a) .
M i t  a _ejt a 1 . ( 1978)  f o u n d  t h a t  t h e  t e r t i a r y  s t r u c t u r e  
a l s o  p l a y e d  a r o l e  i n  f oam s t a b i l i t y  as d i s r u p t i o n  o f  t h e  SS 
bonds i n  g l u t e n  i n  d e c r e a s e d  i t s  f o a m  s t a b i l i t y .  
S u c c i n y l a t i o n ,  h o w e v e r ,  has n o t  been shown t o  a f f e c t  t h e  SS 
bonds t o  any d e g r e e  ( Habeeb ,  19 6 7) .
3 . 4 . 8 . 2 . Emu l s i o n  S t a b i l i t y
An i n c r e a s e  i n  s u c c i n y l a t i o n  l e v e l s  c a u s e d  a 
p r o g r e s s i v e  dec r ease  i n  t h e  e mu l s i o n  s t a b i l i t y .  The r e s u l t s  
o f  t h e  e mu l s i o n  s t a b i l i t y  t e s t s  sugges t  t h a t  f r e e  s u c c i n i c  
a n h y d r i d e  may a f f e c t  t h e  e m u l s i f i c a t i o n  p r o p e r t i e s  i n  t h e  
same way as t h e  f o a m i n g  p r o p e r t i e s .  Ho we v e r  t h i s  i s  n o t  
s u b s t a n t i a t e d  i n  t h e  same way by t h e  l i t e r a t u r e .  I n  mos t  
s t u d i e s  e m u l s i o n  c a p a c i t y  i s  e x a mi n e d  and i s  shown t o  
i n c r e a s e  on s u c c i n y l a t i o n  i n d e p e n d e n t  o f  t h e  p u r i f i c a t i o n  
met hod ( G r o n i n g e r ,  1973 ;  C h i l d s  and P a r k ,  1976;  B e u c h a t ,  
1977;  Thompson and Reyes ,  1979 and Choi  _ejt a 1 . , 19 81 ) .
Emu l s i on  s t a b i l i t y  was e x a mi n e d  by Chen erf a 1» ( 1 9 7 5 ) ,
Fr anzen and K i n s e l l a  ( 1 9 76 )  and Thompson and Reyes ( 1979 )  
a l l  o f  whom f o u n d  t h a t  s u c c i n y l a t i o n  i m p r o v e d  e m u l s i o n  
s t a b i l i t y  i nd e p e n d e n t  o f  w h e t h e r  i s o e l e c t r i c  p r e c i p i t a t i o n  
o r  24 hour  d i a l y s i s  was used t o  r emove u n r e a c t e d  s u c c i n i c  
a n hy d r i d e .  I n  t h i s  s t u d y  t h e  d e c r e a s e d  h y d r o p h o b i c i t y  o f  
s u c c i n y l a t e d  s a m p l e s  may h a v e  c o n t r i b u t e d  t o  t h e  p o o r  
e m u l s i f i c a t i o n  p r o p e r t i e s .  S u c c i n y l a t i o n  may i m p r o v e  t h e  
e m u l s i f i c a t i o n  p r o p e r t i e s  of  some aggr ega t ed  p r o t e i n s  by t h e  
c o n c u r r e n t  i n c r e a s e  i n  s o l u b i l i t y  w h i c h  may be a l i m i t i n g  
f a c t o r  i n  f a i r l y  i n s o l u b l e  sampl es  (such as soya) .
3.4 „8o3o  Thermal  T r e a t m e n t
The s u c c i n y l a t e d  sampl es  d i d  not  c o a g u l a t e  on h e a t i n g  
as opposed  t o  n a t i v e  BSA w h i c h  f o r me d  an opaque  g e l .  T h i s  
phenomenon has been r e p o r t e d  by o t h e r  w o r k e r s  ( Cho i  e t  a 1 . , 
1981;  Ma and H o l m e ,  1 9 8 2 ;  G r o n i n g e r ,  1 9 7 3 ;  S a t o  and 
Nakamura,  1 9 7 7 ; T h o m p s o n  e t  1 9 8 2 a a n d  b ) .
S u c c i n y l a t i o n  has been shown t o  i n c r e a s e  t he  n e g a t i v e  char ge 
on t h e  p r o t e i n  w h i c h  may o r  may n o t  c a u s e  t h e  c o n c o m i t a n t  
dec r ease  i n  h y d r o p h o b i c i t y  and i n  t h e  d e g r e e  o f  a - h e l i x .  
Ot he r  c h a n g e s  i n  t h e  n a t i v e  p r o t e i n  s t r u c t u r e  w h i c h  have 
been shown t o  o c c u r  on s u c c i n y l a t i o n  a r e  a d e c r e a s e  i n  t h e  
smal l  n u mbe r  o f  f r e e  s u l p h y d r y l  g r o u p s  and t h e  b l o c k i n g  o f  
ami no g r o u p s .  E v i d e n c e  f r o m  t h e  l i t e r a t u r e  t h e r e f o r e  was 
s ough t  i n  an a t t e m p t  t o  i s o l a t e  p r e d o m i n a n t  f a c t o r s  
r e s p o n s i b l e  f o r  t h e  l o s s  o f  g e l l i n g  p r o p e r t i e s .
The t r a d i t i o n a l  t h e o r y  o f  g e l l i n g  d i s c u s s e d  by C l a r k  
and L e e - T u f f n e l l  (1987)  i n v o l v e s  t he  a s s o c i a t i o n  o f  u n f o l d e d  
p r o t e i n  mo l e c u l e s .  Ev i d en c e  t h a t  u n f o l d i n g  o r  d e n a t u r a t i o n  
pr ecedes a s s o c i a t i o n  comes f r o m  d i f f e r e n t i a l  s c a n n i n g  
c a l o r i m e t r y  s t u d i e s .  A t t r a c t i o n  o f  t h e  u n f o l d e d  m o l e c u l e s  
woul d be e x p e c t e d  t o  f o l l o w  s i m i l a r  me c h a n i s ms  t h a t  a r e  
r e s p o n s i b l e  f o r  t h e  m a i n t e n a n c e  o f  t h e  s t a b l e  n a t i v e  
c o n f o r m a t i o n  whi ch  i n c l u d e s  c o v a l e n t  bond i ng  ( u s u a l l y  i n  t h e  
f o r m o f  - SS-  b o n d s ) ,  h y d r o g e n  b onds ,  i n t e r a c t i o n s  b e t w e e n  
exposed h y d r o p h o b i c  g r o u p s ,  and  v a r i o u s  k i n d s  o f  
e l e c t r o s t a t i c  i n t e r a c t i o n s .  I ndeed,  i t  i s  l i k e l y  t h a t  a l l  o r  
s e v e r a l  t y p e s  o f  a s s o c i a t i o n  o c c u r  s i m u l t a n e o u s l y  i n  a 
g e l l i n g  syst em.
The i n c r e a s e  i n  n e g a t i v e  c h a r g e  b r o u g h t  a b o u t  by
s u c c i n y l a t i o n  i s  l i k e l y  t o  l i m i t  e l e c t r o s t a t i c  a s s o c i a t i o n s  
whi ch may be i m p o r t a n t  i n  t h e  i n i t i a l  a t t r a c t i o n  p r o c e s s  
b e f o r e  m o r e  s t a b l e  b o n d s  f o r m .  T h e  i n c r e a s e  i n  
e l e c t r o s t a t i c  r e p u l s i o n  due t o  t h e  i n c r e a s e  i n  n e g a t i v e  
char ge on t h e  p r o t e i n  was shown t o  be a p r e d o m i n a n t  f a c t o r  
i n f l u e n c i n g  g e l a t i o n  s i n c e  t he  a d d i t i o n  o f  c a l c i u m caused a 
s i g n i f i c a n t l y  f i r m e r  ge l  f o r  Sg2 Than f o r  BSA. Thus t h e  
d i v a l e n t  p o s i t i v e  c a l c i u m  i on  b r i d g e d  be t ween t h e  n e g a t i v e l y  
char ged groups of  p r o t e i n  mo l e c u l e s  t o  r e s u l t  i n  a f i r m  gel  
ne t wor k  as has been s h o wn  t o  o c c u r  i n  t h e  g e l a t i o n  me c h an i s m 
of  l ow met hoxy !  p e c t i n s .
The r o l e  of  h y d r o p h o b i c  bonds i n  g e l a t i o n  i s  t he  most  
w i d e l y  s t u d i e d  i n  t h e  l i t e r a t u r e .  Ma and Hol me ( 1982 )  
measured t h e  s u r f a c e  h y d r o p h o b i c i t y  o f  n a t i v e  and  
s u c c i n y l a t e d  s a m p l e s  o f  egg a l b u m e n  b e f o r e  and a f t e r  
h e a t i n g  and c o n c l u d e d  t h a t  t h e  f o r m a t i o n  o f  a c o a g u l u m 
i n v o l v e d  d i r e c t  i n t e r a c t i o n  o f  h y d r op h o b i c  s i t e s  be t ween t h e  
h e a t - d e n a t u r e d  p r o t e i n  mo l e c u l e s ,  r e s u l t i n g  i n  a dec r ease  i n  
t h e  number  o f  ' exposed '  and t h e r e f o r e  measur ed,  hyd r ophob i c 
gr oups.  H o w e l l  and L a w r i e  ( 1985)  showed t h a t  r e d u c t i o n  o f  
hy d r op h o b i c  a nd  h y d r o g e n  b o n d s  w i t h  u r e a  and  SDS 
r e s p e c t i v e l y  d e c r e a s e d  t h e  ge l  s t r e n g t h  o f  p l a s ma  p r o t e i n  
ge l s .  I f  h y d r o p h o b i c  bonds wer e t h e  o n l y  or  t he  p r e do mi na n t  
s t a b i l i s i n g  i n f l u e n c e  m a i n t a i n i n g  t h e  n a t i v e  s t r u c t u r e  o f  
p r o t e i n s  i n  s o l u t i o n ,  t hen  p r o t e i n  s t a b i l i t y  shou l d  i n c r e a s e  
w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  s i n c e  h y d r o p h o b i c  bonds a r e  
r e l a t i v e l y  mor e  s t a b l e  a t  e l e v a t e d  t e m p e r a t u r e s  ( S c h e r a g a ,  
1963) .  I n  g e n e r a l ,  h o w e v e r  p r o t e i n s  have  been o b s e r v e d  t o  
u n f o l d  as t h e  t e m p e r a t u r e  i s  i n c r e a s e d  and set  i r r e v e r s i b l y  
a t  t e mp e r a t u r e s  g r e a t e r  t han  a p p r o x i m a t e l y  70°C ( Howel l  and 
L awr i e, 19 8 5 ).
E a r l y  wor k  by A s t b u r y  e t  al  . ( 193 5) p r o p o s e d  t h a t
c r oss  l i n k i n g  i n  g e l s  a r o s e  t h r o u g h  a l i g n m e n t  o f  u n f o l d e d  
p e p t i d e  c h a i n s  and f o r m a t i o n  o f  e x t e n s i v e  r e g i o n s  o f  3 - 
shee t .  S i nce  s u c c i n y l a t i o n  caused an i n c r e a s e  i n  t he  amount  
o f  3 - s h e e t  and r a n d o m c o i l  i t  i s  l i k e l y  t h a t  t h e  
c o n f o r m a t i o n  was n o t  i n  t h e  c o r r e c t  f o r m  i n i t i a l l y  f o r  
g e l a t i o n  t o  o c c u r .
3 . 5 .  Conc l us  i o n
S u c c i n y l a t i o n  o f  50 and 82% o f  t h e  a mi n o  g r o u p s  o f  
BSA i m p a i r e d  t h e  emul  s i f  i ca t  i 0 n, f oam s t a b i l i t y  and g e l a t i o n  
p r o p e r t i e s  of  BSA. S u c c i n y l a t i o n  decr eased t h e  i s o e l e c t r i c  
p o i n t  by t h e  b l o c k i n g  o f  a mi n o  g r o u p s  and by t h e  a d d i t i o n  o f  
ac i d  gr oups.  The a t t a c h me n t  of  p o l a r  ac i d  g r oups ,  measured 
by t h e  d e c r e a s e  i n  f r e e  a m i n o  g r o u p s  and by d i r e c t  
t i t r a t i o n ,  was a c c o mp a n i e d  by a d e c r e a s e  i n  t h e  r e l a t i v e  
p r o t e i n  h y d r o p h o b i c i t y .
I t  seems  p r o b a b l e  t h a t  t h e  i n c r e a s e  i n  o v e r a l l  
n e g a t i v e  char ge caused m o l e c u l a r  expans i on  and d i s s o c i a t i o n  
of  t he  h i g h l y  s u c c i n y l a t e d  sampl e ,  shown by t h e  dec r ease  i n  
a - h e l i x  and  by g e l  e l e c t r o p h o r e s i s .  The i n c r e a s e d  
e l e c t r o s t a t i c  r e p u l s i o n  p r i m a r i l y  a c c o u n t e d  f o r  d e c r e a s e d  
g e l l i n g  p r o p e r t i e s ,  as i n  t h e  p r e s e n c e  o f  c a l c i u m ,  
s i g n i f i c a n t l y  s t r o n g e r  ge l s  wer e f or med.
I t  i s  c o n c l u d e d  t h a t  t h e  i m p a i r e d  f o a m,  g e l a t i o n  and 
em u 1 s i f  i c a t i o n  p r o p e r t i e s  r e s u l t e d  f r o m  t h e  i n c r e a s e d  
e l e c t r o s t a t i c  r e p u l s i o n  and t h e  d e c r e a s e  i n  r e l a t i v e  
hyd rop ho bi  c i t y  and a - h e l i x  c o n t e n t .
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Ch a p t e r  4 
The Co v a l e n t  A t t a c h me n t  o f  V a l i n e
4 . 1 .  I n t r o d u c t i o n
The number  of  h y d r op h o b i c  gr oups and t h e i r  p o s i t i o n  i n  
p r o t e i n  s t r u c t u r e s  a r e  r e p o r t e d  t o  be i m p o r t a n t  i n  t h e  
i n i t i a l  p r o d u c t i o n  and m a i n t e n a n c e  o f  c e r t a i n  f u n c t i o n a l  
p r o p e r t i e s  ( S h u  k l  a,  1 9 8 2 ;  K i n s e l l a ,  1 9 7 6 ) .  T h e  
h y d r o p h o b i c i t y  of  a p r o t e i n  i s  i m p o r t a n t  f o r  e m u l s i f i c a t i o n  
p r o p e r t i e s  as i t  a l l o w s  t h e  c o n c e n t r a t i o n  o f  s o l u b l e  p r o t e i n  
at  t h e  o i l / w a t e r  i n t e r f a c e ,  o n c e  t h e  i n t e r f a c i a l  
e l e c t r o s t a t i c  b a r r i e r  i s  o v e r c o me .  The p r o t e i n ,  d e p e n d i n g  
on i t s  s t r u c t u r a l  s t a b i l i t y  ( f l e x i b i l i t y ,  char ge ,  d i s u l p h i d e  
bonds and h y d r o p h o b i c i t y ) ,  u n f o l d s  a t  t h e  i n t e r f a c e  t o  
e s t a b l i s h  a new t he r modynami c  e q u i l i b r i u m .  The h y d r op h o b i c  
segment s o r  l o o p s  o r i e n t  i n  t h e  a p o l a r  phase  w h i l e  t h e  p o l a r  
charged r e g i o n s  t end t o  occupy t he  aqueous phase ( K i n s e l l a ,  
1976 ) .
The g r o u p s  o f  me t h o ds  c o mmo n l y  used t o  a s s e s s  t h e  
hyd r op h o b i c  n a t u r e  o f  a p r o t e i n  i n c l u d e  s o l v e n t  and 
ch romat og r aph i c p a r t i t i o n  and f l u o r e s c e n c e  m e t h o d s .  
Hydr ophob i c  p a r t i t i o n  me t hods  b e t w e e n  p o l a r  and n o n p o l a r  
s o l v e n t s  a r e  no t  a p p l i c a b l e  t o  some p r o t e i n s  due t o  t h e i r  
l ow s o l u b i l i t y  i n  t h e  n o n p o l a r  - p o l y e t h y l e n e  g l y c o l  
p a l m i t a t e  p h a s e .  T h e  d i s a d v a n t a g e s  o f  h y d r o p h o b i c  
i n t e r a c t i o n  c h r o m a t o g r a p h y  a r e  t h a t  i t  i s  a d i f f i c u l t  and 
t i me  consumi ng method w i t h  poor  r e p r o d u c i b i 1i t y .  T h e r e f o r e  
t he  most  f a v ou r ed  met hods f o r  measur i ng  hydr op h o b i c i t y  ar e 
f l u o r e s c e n c e  t e c h n i q u e s  as t h e y  a r e  r e l a t i v e l y  q u i c k  and 
s i mp l e  t o  p e r f o r m  ( Ka t o  and N a k a i ,  1980) .  F l u o r e s c e n c e  
t e c h n i q u e s  i n c l u d e  q u e n c h i n g  and t h e  use o f  p r o b e s .  The 
pr i me advant ages o f  t h e  f l u o r e s c e n c e  pr obe met hods ar e t h e i r
g r e a t  d e t e c t i o n  s e n s i t i v i t y ,  t h e  s e n s i t i v i t y  o f  p r o b e s  t o  
t h e i r  e n v i r o n m e n t  and t h e  l a r g e  number  o f  p a r a m e t e r s  t h a t  
can be meas u r ed  such as a b s o r p t i o n  and e m i s s i o n  s p e c t r a ,  
quant um y i e l d ,  l i f e t i m e  and p o l a r i s a t i o n .  The t h r e e  pr obes 
whi ch have been c i t e d  i n  t h e  l i t e r a t u r e  a r e  c i s  - p a r i n a r i c  
ac i d  (CPA),  1 - a n i 1 i n o n a p h t h a l e n e - 8 - s u 1phonat e  (ANS) and 1, 6-  
d i p h e n y l  h e x a t r i  ene ( DPH) .  S i n c e  CPA and ANS a r e  b o t h  
d i s s o c i a b l e ,  e l e c t r o s t a t i c  e f f e c t s  b e t w e e n  p r o b e s  may be 
i n c l u d e d  i n  t he  hyd r ophob i  c i  t y  measured.  At  a c i d i c  pH, t he  
da t a  f o r  h y d r o p h o b i c i t y  may be u n r e l i a b l e  b e c a u s e  t h e  
quant um y i e l d s  o f  u n d i s s o c i a t e d  and d i s s o c i a t e d  f o r m s  a r e  
d i f f e r e n t .  I n c o n t r a s t  DPH does not  d i s s o c i a t e ,  but  i t s  use 
i s  l i m i t e d  s i n c e  i t  i s  n o t  w a t e r  s o l u b l e .  S k 1 a r  _et_ a l . 
( 1976,  1977) s t u d i e d  t h e  i n t e r a c t i o n  o f  p a r i n a r i c  ac i d  w i t h
v a r i o u s  p r o t e i n s  and s h o w e d  t h a t  t h e  f l u o r e s c e n c e  
enhancement  and a b s o r p t i o n  s p e c t r a l  s h i f t s  o b s e r v e d  when 
p a r i n a r i c  ac i d  was bound t o  BSA were c o n s i s t e n t  w i t h  v a l ues  
known f o r  t h e  b i n d i n g  o f  o t h e r  l ong  cha i n  f a t t y  ac i ds .  Th i s  
sugges t ed t h a t  p a r i n a r i c  a c i d ,  e s p e c i a l l y  i n  t h e  a o r  c i s 
f o r ms ,  w h i c h  a r e  n a t u r a l l y  o c c u r r i n g  l i n e a r  p o l y e n e  f a t t y  
a c i d s ,  i n t e r a c t s  i n  t h e  same way as n o r ma l  l i p i d  p r o t e i n  
b i n d i n g .  The use o f  ANS i s  l i m i t e d  by t he  l a c k  o f  knowl edge 
about  t h e  p r e c i s e  t y p e  o f  i n t e r a c t i o n  w i t h  p r o t e i n s .  I n  
f a c t  t h e r e  i s  l i t t l e  e v i d e n c e  t h a t  ANS a c t u a l l y  b i n d s  t o  
hy d r op h o b i c  g r o u p s .  Based on t h e  above f i n d i n g s ,  t h e  me t hod  
chosen t o  e x a mi n e  h y d r o p h o b i c i t y  i n  t h i s  s t u d y  was t h e  
f l u o r e s c e n t  pr obe c i s - p a r i n a r i c  ac i d .
Kat o and N a k a i  ( 1 9 8 0 )  c o r r e l a t e d  e f f e c t i v e  
h y d r o p h o b i c i t y ,  me a s u r e d  by t h e  f l u o r e s c e n t  p r o b e  c i s - 
p a r i n a r i c  a c i d ,  o f  n a t i v e ,  d e n a t u r e d  and s u r f a c t a n t - b o u n d
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p r o t e i n s  w i t h  h y d r o p h o b i c i t y  measured by a p a r t i t i o n  method 
and a l so  w i t h  i n t e r f a c i a l  t e n s i o n  and e m u l s i f y i n g  a c t i v i t y .  
I n a d d i t i o n ,  V o u t s i  nas _e_t _a ( 1 9 8 3 a )  s h o w e d  t h a t  a 
p r e d i c t i v e  r e l a t i o n s h i p  e x i s t e d  bet ween t h e  h y d r o p h o b i c i t y  
measured by t h e  f l u o r e s c e n t  p r o b e  c i s - p a r i n a r i c a c i d  and 
emul s i on  a c t i v i t y ,  s t a b i l i t y  and c a p a c i t y  o f  v a r i o u s  h e a t  
dena t u r ed  p r o t e i n s .  L i c h a n  jet  a l . ( 19 84) c o n f i r m e d  t h i s  
r e l a t i o n s h i p  i n  meat  p r o t e i n s .
The f o r m a t i o n  and s t a b i l i s a t i o n  of  f oams has a l so  been 
shown t o  depend upon h y d r o p h o b i c  s e g me n t s ,  i n  t h e  p r o t e i n .  
As i n  t he  f o r m a t i o n  of  an e mu l s i o n ,  hyd r op h o b i c  s i d e  cha i ns  
m i g r a t e  t o  t h e  a i r  p h a s e ,  as opposed  t o  t h e  i n t e r i o r  o f  t h e  
mo l ecu l e .  The non- cova l  ent  f o r c e s  t h a t  s t a b i l i s e  t h e  n a t i v e  
s t r u c t u r e  a r e  s u f f i c i e n t l y  weak t o  a l l o w  s i z a b l e  changes i n  
s t r u c t u r a l  c o n f o r m a t i o n  at  t h e  i n t e r f a c e .  However ,  c o v a l e n t  
bonds s u c h  as d i  s u l p h i d e  l i n k s  may l i m i t  t h e s e  
c o n f o r ma t i o n a l  changes .  I n c r e a s e d  h y d r o p h o b i c i t y  has been 
shown by H a i l i n g  ( 1981)  t o  c o r r e l a t e  w i t h  i n c r e a s e d  f oam 
s t a b i l i t y ,  but  t h e r e  i s  a l so  e v i d e n c e  t h a t  d i s u l p h i d e  bonds 
and a mi n i mu m m o l e c u l a r  w e i g h t  a r e  r e q u i r e d  f o r  f oam 
s t a b i l i t y  ( S t a i n s b y ,  1986) .  Townsend  and Naka i  ( 1983)  
p o s i t i v e l y  c o r r e l a t e d  h y d r o p h o b i c i t y  measur ement s  us i ng  c i s- 
p a r i n a r i c  a c i d  o f  p r o t e i n s  h e a t e d  t o  100°C f o r  10 mi n  i n  t h e  
p r esence  of  an equal  we i g h t  o f  SDS w i t h  f oami ng  p r o p e r t i e s .  
H y d r o p h o b i c i t y  measured w i t h o u t  u n f o l d i n g  t he  p r o t e i n ,  wh i ch  
had p r e v i o u s l y  c o r r e l a t e d  w i t h  e m u l s i f i c a t i o n  p r o p e r t i e s  
( Kat o and N a k a i ,  1980 ) ,  was n o t  s i g n i f i c a n t l y  c o r r e l a t e d  
w i t h  f oami ng  p r o p e r t i e s .
Howel l  and L a w r i e  ( 1985)  p r o p o s e d  a me c h a n i s m o f  
g e l a t i o n  o f  p l asma and egg al bumen p r o t e i n s  and showed t h a t  
t he  i n c l u s i o n  o f  SDS t o  p r e v e n t  h y d r o p h o b i c  i n t e r a c t i o n s
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r educed t h e  ge l  s t r e n g t h  and b r e a k i n g  s t r e n g t h  o f  w h o l e  
pl asma c o n s i d e r a b l y  and p r e v en t e d  t he g e l a t i o n  of  serum and 
c e r t a i n  pl asma f r a c t i o n s .  Vo u t s i na s  jet j f L  ( 19 83b) showed 
t h a t  t he  t h e r ma l  p r o p e r t i e s  of  soya p r o t e i n s  c o r r e l a t e d  w i t h  
t he  h y d r o p h o b i c i  t y  me a s u r e d  by t h e  a s s o c i a t i o n  o f  c i s - 
p a r i n a r i c  a c i d  a f t e r  t h e  p r o t e i n  had been b o i l e d  f o r  1 0 mi n  
i n  t he  p r esence of  SDS i n  t he  mass r a t i o  o f  p r o t e i n  : SDS o f  
1:1.
The ai m o f  t h e  p r e s e n t  s t u d y  was t o  i n c r e a s e  t h e  
h y d r o p h o b i c i t y  o f  BSA i n  an a t t e m p t  t o  i m p r o v e  t h e  
f u n c t i o n a l  p r o p e r t i e s .  I t  was dec i ded t o  c o v a l e n t l y  a t t a c h  
a h y d r o p h o b i c  ami no  a c i d  u n d e r  a m b i e n t  c o n d i t i o n s  and 
t h r ough  a p e p t i d e  bond t h u s  ma k i n g  i t  a v a i l a b l e  t h r o u g h  
normal  d i g e s t i o n  p r o c e s s e s .  The met hod  c h o s e n  was t h e  
r e a c t i o n  o f  an N - c a r b o x y  a mi n o  a c i d  a n h y d r i d e  (NCA) o r  
Leuchs '  a n h y d r i d e  (1906)  wh i ch  r e a c t s  w i t h  p r o t e i n s ,  i n  t he  
same way as s u c c i n i c  a n h y d r i d e ,  r e a d i l y  u n d e r  a m b i e n t  
c o n d i t i o n s .  S y n t h e s i s  o f  t h e  a c t i v a t e d  NCA ami n o  a c i d  was 
c a r r i e d  o u t  a c c o r d i n g  t o  Hi  r s c h ma n n  _et a 1 . ( 1971)  u s i n g
v a l i n e  as t he  h y d r o p h o b i c  s t a r t i n g  m a t e r i a l  w i t h  phosgene as 
o u t l i n e d  i n  t he  f o l l o w i n g  e q u a t i o n :
ch 3 c h 3
C00H Cl CH
I /CH3 1 I
NH2-C -CH -4 C = 0 = H- C- C; + 2HC1
nCH? 
H 3 Cl \ 0
/
HN-C^ 0
V a l i n e  + phosgene = N - c a r b o x y v a l i n e  a n h y d r i d e  + 2HC1
Rea c t i o n  w i t h  BSA was c a r r i e d  out  a c c o r d i n g  t o  Ga e r t n e r  
and P u i g s e r v e r  (1984)  a c c o r d i n g  t o  t he  e q u a t i o n  be l ow:
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0 CH
I
p- nh2 + P-NH-C — C-NH2
\
0 COOH
BSA + NCVA P o l y v a l y l - B S A
The m o d i f i c a t i o n  d e s c r i b e d  a b o v e  has  b e e n  u s e d  
p r e v i o u s l y  t o  s t u d y  s t r u c t u r e - f u n c t i o n  r e l a t i o n s h i p s  o f  
t r y p s i n ,  t r y p s i n  i n h i b i t o r  and i n s u l i n  ( Gl a z e r  _et a l . , 1962;  
Kowal sk i  and L a s k o ws k i ,  19 76; V i r up a s k s h a  and Ta r v e r ,  1964) ,  
but  a l t h o u g h  i t  has been a d v o c a t e d  f o r  use i n  f o o d  p r o t e i n  
s t u d i e s  ( Pu i g s  e r v e r  j j j t ji_l_, 19 79) t h e r e  has been l i t t l e  wo r k  
r e p o r t e d  i n  t h i s  a r e a .  C h o b e r t  _et a ] ^  ( 1987)  s t u d i e d  t h e  
s o l u b i l i t y  and e m u l s i f i c a t i o n  p r o p e r t i e s  o f  p o l y m e t h i o n y l  
and p o l y v a l y l  c a s e i n  and f o u n d  t h a t  a t  a c i d  pH p o l y v a l y l  
d e r i v a t i v e s  w e r e  mo r e  s o l u b l e  and b e t t e r  e m u l s i f i e r s  t h a n  
p o l y me t h i o n y l  d e r i v a t i v e s  b u t  a t  a l k a l i n e  pH t h e  l e n g t h  o f  
po l yami no  a c i d  c h a i n  and h y d r o p h o b i c i t y  became i m p o r t a n t -  
c o n t r o l l i n g  f a c t o r s  c o mp a r e d  t o  t h e  p a r t i c u l a r  a mi no  a c i d  
a t t  ach ed.
The ai m o f  t h i s  s t u d y  was f i r s t l y  t o  s y n t h e s i z e  t h e  N - 
ca r boxy  a n h y d r i d e  d e r i v a t i v e  o f  v a l i n e  w h i c h  i s  a 
hy d r op h o b i c  ami no ac i d  us i ng  a w e l l  document ed p r o c e d u r e  f o r  
s y n t h e s i s  ( Hi  r s c h m a n n  e t  a K ,  1 9 7 1 )  and s e c o n d l y  t o  
c o v a l e n t l y  a t t a c h  t h i s  m o i e t y  t o  BSA. T h i r d l y ,  t h e  s t u d y  
i n v e s t i g a t e d  t h e  e f f e c t s  o f  t h i s  m o d i f i c a t i o n  on t h e  
phy s i c o c h e mi c a l  and f u n c t i o n a l  p r o p e r t i e s  of  BSA.
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4.2 .  M e t h o d o l o g y
4 - 2 . 1 .  S y n t h e s i s  o f  N - c a r b o x y  L v a l i n e  a n h y d r i d e  (NCVA) 
Der i  va t  i  ve
The s y n t h e s i s  was c a r r i e d  out  a c c o r d i n g  t o  Hi r schman 
et  al  . ( 1971 ) .  A t h r e e  necked  r o u nd  b o t t o m e d  f l a s k  was 
f i t t e d  w i t h  a n i t r o g e n  and p h os g e n e  i n l e t ,  an a d a p t e r  
s u p p o r t i n g  a t h e r mo me t e r  and a r e f l u x  condenser  ( f i t t e d  w i t h  
a C a C l 2 d r y i n g  t u b e ) .  The f l a s k  was f l u s h e d  w i t h  d r y  
n i t r o g e n  f o r  one h o u r  b e f o r e  use and t h e  s y n t h e s i s  was 
c a r r i e d  ou t  i n  t he  f ume cupboar d.  L - V a l i n e  (30g,  0.256 mol )  
and 300ml  t e t r a h y d r o f u r a n  (THF) were p l aced i n  t h e  f l a s k  and 
s t i r r e d  g e n t l y ,  heat ed t o  45- 50°C and phosgene a d d i t i o n  was 
s t a r t e d .  Phosgene  a d d i t i o n ,  s t i r r i n g  and g e n t l e  h e a t i n g  
were c o n t i n u e d  f o r  75 mi n ,  when a l l  s o l i d s  had d i s s o l v e d .  
Phosgene a d d i t i o n  and h e a t i n g  wer e s t opped and t he  f l a s k  was 
c o n t i n u a l l y  f l u s h e d  w i t h  n i t r o g e n  u n t i l  t he  r e a c t i o n  m i x t u r e  
had coo l ed  t o  room t e m p e r a t u r e .  F l u s h i n g  was d i s c o n t i n u e d  
and t he  m i x t u r e  was evapo r a t ed  t o  d r yness  at  a t e m p e r a t u r e  
not  e x c e e d i n g  40°C.  The w h i t e  s o l i d  r e s i d u e  was d i s s o l v e d  
i n  55ml  o f  e t h y l  a c e t a t e  and f i l t e r e d .  Hexane ( 1 5 0 m l )  was 
added t o  t h e  s t i r r e d  s o l u t i o n  and c r y s t a l l i s a t i o n  i nduced by 
s c r a t c h i n g .  The s o l u t i o n  was s t i r r e d  f o r  30 mi n  and an 
a d d i t i o n a l  65ml  o f  hexane was added and t h e  s l u r r y  s t i r r e d  
f o r  a n o t h e r  3 0 mi n. The p r o d u c t  was f i l t e r e d  o f f  and washed 
w i t h  60ml  o f  a 9: 1 h e x a n e : e t h y l  a c e t a t e  m i x t u r e .  The 
c r y s t a l s  w e r e  d r i e d  on t h e  f u n n e l  u n d e r  a c o n t i n u o u s  
n i t r o g e n  s t r e a m  and w e i g h e d .  A l l  o p e r a t i o n s  we r e  c a r r i e d  
out  c a r e f u l l y  t o  e x c l u d e  m o i s t u r e  w h i c h  w o u l d  i n d u c e  
p o l y m e r i s a t i o n .  The NCVA d e r i v a t i v e  was s t o r e d  i n  a d r y  bag
at  - 2 0 ° C.  The y i e l d  was 1 7 . 8g o f  w h i t e  c r y s t a l s  w i t h  a 
m e l t i n g  p o i n t  o f  69- 70°C.
4 . 2 . 2 .  Re a c t i o n  o f  t h e  N - c a r b o x y v a l i n e  a n h y d r i d e  w i t h  b o v i n e  
serum a l b u mi n .
Ami no a c i d  a t t a c h m e n t  was c a r r i e d  o u t  a c c o r d i n g  t o  
Ga e r t n e r  and P u i g s e r v e r  (1984) .  Bov i ne Serum Al b umi n  ( l Og)  
was d i s s o l v e d  i n  e i t h e r  250ml  o f  a 0.1 M s o d i u m c i t r a t e  
b u f f e r  pH 6.5 or  a b i c a r b o n a t e  b u f f e r  pH 10.2 t o  a c h i e v e  t wo 
l e v e l s  o f  a t t a c h m e n t  w h i c h  we r e  d e n o t e d  VAL1 and VAL2 
r e s p e c t i v e l y .  A 2:3 mo l a r  r a t i o  o f  ami no groups t o  NCVA was 
used.  The N-c a rb o xy v a 1 i ne a n h y d r i d e  ( 1 . 9 8 g ) was d i s s o l v e d  
i n  2 0 ml t e t r a h y d r o f u r a n  p r i o r  t o  use.
The r e a c t i o n  a t  pH 6 . 5  ( VAL 1 )  was a c h i e v e d  by 
i n c u b a t i n g  t h e  NCVA w i t h  t h e  BSA s o l u t i o n  f o r  15 mi n  w i t h  
v i g o r o u s  s t i r r i n g .  At  pH 10. 2 ,  (VAL2)  t h e  r e a c t i o n  was 
c a r r i e d  o u t  s t e p w i s e  by t h e  a d d i t i o n  o f  f o u r  5 ml  a l i q u o t s  o f  
t he  NVCA/BSA m i x t u r e .  The r e a c t i o n  m i x t u r e  was a c i d i f i e d  
w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  ac i d  t o  pH 3- 4  and m a i n t a i n e d  
at  t h i s  pH f o r  10 m i n  b e f o r e  t h e  n e x t  a d d i t i o n  o f  r e a g e n t  a t  
a l k a l i n e  pH. The s t e p w i s e  s y t h e s i s  t o o k  a p p r o x i m a t e l y  1 
hour .
The m o d i f i e d  p r o t e i n s  w e r e  d i l u t e d  t o  2 . 51 and 
d i a l y s e d  a g a i n s t  1 0 1  d i s t i l l e d  w a t e r  f o r  a p p r o x i m a t e l y  4 
hour s i n  an ul  t  r a f  i 1 1  r a t  i  o n u n i t  w i t h  a m o l e c u l a r  w e i g h t  c u t  
o f f  o f  10 , 000  D a l t o n s .  The p r o t e i n s  we r e  r e c o v e r e d  by 
f r e e z e  d r y i n g  and e x a mi n e d  f o r  p r o t e i n  c o n c e n t r a t i o n ,  
s u l p h y d r y l  g r oups ,  h y d r o p h o b i c i t y , pH t i t r a t i o n  c u r v e ,  ami no 
ac i d  a n a l y s i s ,  e l e c t r o p h o r e t i c  p a t t e r n s ,  c i r c u l a r  d i c h r o i s m  
and f u n c t i o n a l  p r o p e r t i e s  a c c o r d i n g  t o  met hods d e s c r i b e d  i n
C h a p t e r  2.
Unr eac t ed  e p s i l o n  a m i n o  g r o u p s  w e r e  m e a s u r e d  by 
c o n v e r t i n g  t hem t o  homo a r g i n i n e  w h i c h  was q u a n t i f i e d  by 
amino a c i d  a n a l y s i s .  I n  t h i s  m e t h o d ,  s a m p l e s  w e r e  
g u a n i d i n a t e d  by r e a c t i o n  w i t h  0 - m e t h y l i s o u r e a  f o r  4 days at  
4°C,  a t  pH 10. 5 ,  u s i n g  a 0.5% ( w / v )  p r o t e i n  s o l u t i o n  and 
0.5M r e a g e n t  a c c o r d i n g  t o  K i mme l  ( 1 9 67 ) .  The r e a c t i o n  was 
s t opped w i t h  an equa l  v o l u m e  o f  1M p h o s p h a t e  b u f f e r  pH 5.0 
and d i al y s ed f o r  3 days  a g a i n s t  d i s t i l l e d  w a t e r  a t  4°C 
b e f o r e  ami no  a c i d  a n a l y s i s  ( s e c t i o n  2 . 3 . 6 ) ,  and t h e  number  
o f  l y s i n e  gr oups m o d i f i e d  was c a l c u l a t e d .
4 . 3  Re s u l t s
4 . 3 . 1 .  Ex t e n t  o f  M o d i f i c a t i o n
The e x t e n t  o f  t he  m o d i f i c a t i o n  was d e t e r mi n e d  by ami no 
ac i d  a n a l y s i s  t o  e s t a b l i s h  t h e  p e r c e n t a g e  a d d i t i o n  o f  
v a l i n e .  The r e s u l t s  o f  a mi n o  a c i d  a n a l y s i s  a r e  shown i n  
Tab l e  4. 1.
4 . 2 . 3o Measurement  o f  t h e  number o f  l y s i n e  r e s i d u e s  a c y l a t e d
Tab l e  4.1.  Ami no ac i d  c o m p o s i t i o n  o f  BSA and p o l y v a l y l - B S A .
C o n c e n t r a t i o n  ( j j g / ml )
BSA VAL 1 VAL 2
ASP 7.64 7.91 9.72
GLU 11.63 1 2 . 6 6 12.80
SER 3.89 3.03 3.73
GLY 3.08 3.56 1.85
HIS 2.71 2.9 9 3.61
ARG 4.06 3.89 4.70
THR 3.94 3.86 2.43
ALA 5.04 4.72 4.64
PRO 3.32 3.30 2.92
TYR 2 . 82 3.17 3.93
VAL 3.84 6.75 7.36
MET 0 0.73 0.80
CYS* 3.87 + 2 . 00 2.79
I LEU 1.82 1.74 1.40
LEU 7.54 7.77 9.5 5
PHE 4.57 4.51 3.62
TR P* 3.84 1.91 1.49
L YS 8.09 7.39 7.18
* A c i d h y d r o l y s i s c a u s e s d e s t r u c t i
t r y p t o p h a n  and t h e r e f o r e  t h e  r e c o v e r y  o f  t h e s e  a mi n o  a c i d s  
i s  not  r e p r o d u c i b l e .
+ Cy s t e i n e  and Me t h i o n i n e  peaks were not  s epar a t ed .
M o d i f i c a t i o n  a t  pH 6.5 ( V A L 1) , t h e r e f o r e ,  a c h i e v e d  a 
76% i n c r e a s e  i n  t h e  v a l i n e  c o n t e n t ,  and a t  pH 10.2 ( V AL 2) a 
92% i n c r e a s e .
99
4 . 3 . 2 .  Measurement  o f  t h e  number o f  l y s i n e  r e s i d u e s  a c y l a t e d
Unr eac t ed  l y s i n e  r e s i d u e s  were measur ed by c o n v e r t i n g  
t hem t o  h o m o a r g i n i n e  w h i c h  was q u a n t i f i e d  by a mi n o  a c i d  
a n a l y s i s .  U n f o r t u n a t e l y  h o mo a r g i n i n e  c o e l u t e d  w i t h  p r o l i n e  
and t h e r e f o r e  t h e  f i g u r e  f o r  p r o l i n e  had t o  be s u b t r a c t e d  
f r om t h e  t o t a l  v a l u e s .  The r e s u l t s  showed  t h a t  BSA f o r m e d  
7. 38yg m l "-1 o f  h o mo a r g i n i n e  compared t o  5.02 and 3.56yg m l "-1 
f o r  sampl es VAL1 and VAL2 r e s p e c t i v e l y .  Th i s  i n d i c a t e d  t h a t  
v a l i n e  was added t o  32 and 52% o f  t h e  a v a i l a b l e  l y s i n e  
r e s i d u e s  i n  VAL1 and VAL2 r e s p e c t i v e l y .  However ,  i t  must  be 
not ed t h a t  t h e r e  may be g r o u p s  w h i c h  we r e  u n a v a i l a b l e  f o r  
g u a n i d i  n a t i o n .  I n  BSA 90% o f  t h e  l y s i n e  r e s i d u e s  w e r e  
g u a n i d i n a t e d  and t h e r e f o r e  1 0 % o f  t h e  g r o u p s  w e r e  
i n a c c e s s i b l e  f o r  any m o d i f i c a t i o n .  C o r r e c t e d  v a l u e s  f o r  
sampl es VAL1 and VAL2 ar e  t h e r e f o r e  29 and 47% r e s p e c t i v e l y  
o f  t h e  t o t a l  l y s i n e  g r o u p s  a c y l a t e d .  I n  a d d i t i o n ,  me a s u r e d  
by t h e  d i f f e r e n c e  b e t w e e n  t h e  a m o u n t  o f  l y s i n e  l e f t  
u n g u a n i d i n a t e d  and t h e  n a t i v e  BSA c o n t r o l ,  sampl es  VAL1 and 
VAL2 showed t h a t  29 and 3 5% o f  t h e  t o t a l  number  o f  l y s i n e  
r e s i d u e s  p r e s e n t  i n  BSA had been a c y l a t e d .  T h i s  d e g r e e  o f  
r e p r o d u c i b i l i t y  was c o n s i d e r e d  t o  be w i t h i n  e x p e r i m e n t a l  
e r r o r .
I t  was t h e r e f o r e  c l e a r  t h a t  t h e  a d d i t i o n  o f  v a l i n e  a t  
pH 6.5 o c c u r r e d  at  f e we r  s i t e s  t han  t h e  a d d i t i o n  at  pH 10.2.  
Assumi ng a v a l ue  of  581 ami no ac i d  r e s i d u e s  f o r  BSA ( Put nam,  
1975) ,  t h e  ami no  a c i d  r e s u l t s  i n d i c a t e  t h a t  t h e r e  we r e  58 
l y s i n e  r e s i d u e s  and 28 v a l i n e  r e s i d u e s  i n  t h i s  s a m p l e  o f  
BSA. T h e r e f o r e  VAL1 had on aver age 21 v a l i n e  mo l e c u l e s  (76% 
o f  28)  added  t o  17 s i t e s  ( 29% o f  58 l y s i n e  r e s i d u e s )  
compared t o  VAL2 w h i c h  had 26 m o l e c u l e s  (92% o f  28 v a l i n e
r e s i d u e s )  added on t o  20 t o  27 s i t e s  ( 3 5 - 4  7% o f  58 l y s i n e  
residues) .
4 . 3 . 3 .  P r o t e i n  c o n c e n t r a t i o n
The p r o t e i n  c o n c e n t r a t i o n  o f  s a m p l e s  a f t e r  
u l t r a f i l t r a t i o n  was me a s u r e d  by t h e  n i n h y d r i n ,  Co o ma s s i e  
b l u e ,  and L o w r y  m e t h o d s  and by s p e c t r o p h o t o  m e r i c  
d e t e r m i n a t i o n  at  280nm.  A l l  r e s u l t s  i n d i c a t e d  t h a t  sampl es 
c o n t a i n e d  g r e a t e r  t h a n  90% p r o t e i n  s u g g e s t i n g  a l ow l e v e l  o f  
c o n t a m i n a t i o n .  Samp l es  we r e  h y g r o s c o p i c  and t h e r e f o r e  
a n a l y s i s  was c a r r i e d  ou t  on f r e s h l y  f r e e z e - d r i e d  sampl es.
4 . 3 . 4 .  Re a c t i o n  w i t h  s u l p h y d r y l  g r oups
R e s u l t s  f o r  sampl es  measured b e f o r e  and a f t e r  h o l d i n g  
t h e  s o l u t i o n s  u n d e r  a s t r e a m  o f  n i t r o g e n  f o r  1 h o u r  and i n  
t he  p r esence  and absence of  6 M Gu a n i d i n e  Hyd roch 1 o r i  d e (Gu- 
HCl ) t o  d e n a t u r e  t h e  p r o t e i n  ar e  r e p o r t e d  i n  Tab l e  4.2.
Tab l e  4. 2.  M e a s u r e m e n t  o f  s u l p h y d r y l  g r o u p s  i n  n a t i v e  and 
p o l y v a l y l - B S A
Mol es o f  SH g r o u p s  p e r  mo l e  p r o t e i n
Undenat ur ed D enat u red
Co n t r o l  Under  N2 Co n t r o l Under  N2
BSA 0.54 0.67 0.52 0.65
VAL 1 0.37 0.41 0.32 0.43
VAL 2 0.44 0.46 0.32 0.44
The p r e s e n c e  o f  6 M Gu-HCl  showed a d e c r e a s e  and t h e  
pr esence o f  n i t r o g e n  an i n c r e a s e  i n  t he  measured SH gr oups .  
The NCA a mi n o  a c i d  d e r i v a t i v e s  w e r e  shown t o  r e a c t  w i t h
a p p r o x i ma t e l y  35 and 32% of  t h e  SH g r o u p s  p r e s e n t  i n  n a t i v e  
BSA.
4 . 3 . 5 .  pH T i t r a t i o n
The pH t i t r a t i o n  c u r v e s  f o r  n a t i v e  and m o d i f i e d  BSA 
ar e  shown i n  f i g u r e  4.1.  The smooth t i t r a t i o n  cu r ve  f o r  BSA 
i s  t y p i c a l  and showed no r e g i o n s  wher e s p e c i f i c  f u n c t i o n a l  
groups t i t r a t e d .  The p r o t e i n  m o d i f i e d  a t  pH 6.5 (VAL1)  a l s o  
d i d  n o t  show t h e  n o r ma l  s t e p p e d  t i t r a t i o n  c u r v e  f o r  mo s t  
p r o t e i n s .  The mos t  e x t e n s i v e l y  m o d i f i e d  s a m p l e ,  h o w e v e r ,  
showed a mar ked  d e v i a t i o n  f r o m  t h e s e  c u r v e s .  T h i s  t y p e  o f  
cu r v e  i s  t y p i c a l  o f  t h e  t i t r a t i o n  o f  a weak base  w i t h  a 
s t r o n g  a c i d  and can  used t o  c a l c u l a t e  t h e  n umber  o f  weak 
base gr oups p r e s e n t .  The s t e e p e s t  p a r t  o f  t h i s  cu r v e  on t he  
pH/ vol ume g r a p h  f o l l o w i n g  a b u f f e r  r e g i o n  was  a t  
a p p r o x i m a t e l y  0 . 3 7 ml .  T h i s  i n d i c a t e d  t h a t  i n  25ml  o f  a 1 % 
(w/ v)  p r o t e i n  s o l u t i o n  t h e r e  wer e 1.1 X 10 “ 4 mol es  of  ami no 
groups and u s i n g  t h e  m o l e c u l a r  w e i g h t  o f  6 6 , 0 0 0  f o r  BSA i t  
can be c a l c u l a t e d  t h a t  t h i s  m o d i f i c a t i o n  had e i t h e r  added on 
or  made a v a i l a b l e  f o r  t i t r a t i o n  29 ami no gr oups per  p r o t e i n  
mol e c u 1 e.
4 . 3 . 6 .  H y d r o p h o b i c i t y
The r e l a t i v e  h y d r o p h o b i c i t y  o f  n a t i v e  and m o d i f i e d  
p r o t e i n s  was me a s u r e d  u s i n g  t h e  f l u o r e s c e n t  p r o b e  c i s - 
p a r i n a r i c  a c i d ,  i n  t he  n a t i v e  aqueous s t a t e ;  i n  t he  p r esence  
o f  20 mg l i t r e " 1 s o d i u m d o d e c y l  s u l p h a t e  (SDS) and a f t e r  
d e n a t u r a t i o n  by b o i l i n g  f o r  10m i n .  The  f l u o r e s c e n c e
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i n t e n s i t y  was p l o t t e d  a g a i n s t  p r o t e i n  c o n c e n t r a t i o n  as shown 
i n  f i g u r e s  4 . 2 - 4 . 4 .  The g r a d i e n t s  o f  t h e  p l o t s  w e r e  
c a l c u l a t e d  by l i n e a r  r e g r e s s i o n  and are shown i n  Tab l e  4.3.  
Tab l e  4.3.  H y d r o p h o b i c i t y  r e s u l t s  f o r  n a t i v e  and p o l y v a l y l -  
BSA
H y d r o p h o b i c i t y  va l ues  
Samples Aqueous s o l u t i o n  20mg l i t r e "-1 SDS Heat  
BSA 2384 2135 1778
VAL1 3984 1297 1831
VAL2 3901 1394 2384
The r e l a t i o n s h i p  b e t w e e n  f l u o r e s c e n c e  i n t e n s i t y  and 
p r o t e i n  c o n c e n t r a t i o n  measured i n  aqueous s o l u t i o n  a l o n e  was 
not  l i n e a r .  T h i s  phenomenon  was d i s c u s s e d  i n  s e c t i o n  3 . 4. 4.  
wher e i t  i s  s u g g e s t e d  t h a t  i n  aqueous  m e d i a  h y d r o p h o b i c  
mo l ecu l es  f o r m  m i c e l l e s ,  t h e  i n t e r i o r  g r o u p s  o f  w h i c h  a r e  
not  a v a i l a b l e  f o r  me a s u r e m e n t  by t h i s  t e c h n i q u e .  Fo r  
po 1 y v a l y 1 -BSA t h e  c o v a l e n t  a t t a c h me n t  o f  hyd r op h o b i c  gr oups 
woul d be expec t ed t o  a c c e n t u a t e  m i c e l l e  f o r m a t i o n ;  however  
t h i s  a p p e a r s  n o t  t o  be t h e  case .
The h y d r o p h o b i c i t y  r e s u l t s  measured i n  t he  p r esence  
o f  20mg l i t r e "-1 SDS a l s o  sugges t ed  t h a t  BSA was r e l a t i v e l y  
more h y d r o p h o b i c  t h a n  t h e  m o d i f i e d  s a m p l e s .  He a t  
d e n a t u r a t i o n ,  h o w e v e r ,  p r i o r  t o  m e a s u r e m e n t ,  r e s u l t e d  i n  
r e l a t i v e  h y d r o p h o b i c i t y  v a l u e s  c o n s i s t e n t  w i t h  ' t he ami no  
ac i d  r e s u l t s  f o r  t h e  a d d i t i o n  o f  v a l i n e .
4 . 3 . 7 .  E l e c t r o p h o r e s i s
4 . 3 . 7 . 1 .  I s o e l e c t r i c  f o c u s i n g
BSA c o n s i s t e d  o f  a range of  p r o d u c t s  w i t h  i s o e l e c t r i c  
p o i n t s  f r o m  4. 60 t o  5.20 w i t h  c l e a r  m a j o r  bands a t  4 . 7 7 ,  
4 . 98 ,  5. 03 and 5. 2.  A f t e r  t h e  a d d i t i o n  o f  v a l i n e  t h e  m a j o r  
bands d i s appea r ed  and t h e  r ange s h i f t e d  t o  h i g h e r  pH va l ues  
o f  4 . 6 8 - 5 . 6 8  and 4 . 6 5 - 5 . 5 2  f o r  s a m p l e s  V A L 1 and VAL2 
res p e c t i  v e l y .
4 . 3 . 7 . 2 .  N o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l  ami de gel  
e l e c t r o p h o r e s i s  ( Nat i ve- PAGE)
The n o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  gel  
el  e c t r o p h o r e s i  s (N at  i v e-P AG E ) r e s u l t s  a l s o  i n d i c a t e d  t h a t  
m o d i f i c a t i o n  caused  a v a r i e t y  o f  p r o d u c t s  as bands  we r e  v e r y  
br oad and t h e r e f o r e  t h e  v a l ues  ar e g i v e n  as r anges shown i n  
Tab l e  4. 4.
Tab l e  4 . 4 .  R e s u l t s  o f  t h e  s e p a r a t i o n  o f  n a t i v e  a n d  
p o l y v a l y l - B S A  by n a t i v e  PAGE
Rf  Val ues
Samples Ma j o r  Bands Mi n o r  Bands
BSA 0 . 5 6 - 0 . 6 2 0. 35- 0. 38
VAL 1 0. 59-0. 84 0 . 3 5 - 0 . 4 0 0 . 3 3 - 0 . 4 6
VAL 2 0 . 6 0 - 0 . 8 3 0 . 4 4 - 0 . 4 9  0 . 3 3 - 0 . 3 8
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4 . 3 . 7 . 3 .  D i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  (SDS-PAGE)
Pol yacr y l ami de  ge l  e l e c t r o p h o r e s i s ,  c o n t a i n i n g  SDS,  
was c a r r i e d  out  bot h i n t h e  p r e s e n c e  and a b s e n c e  of  8 - 
mercapt oet hanol  i e  w i t h  d i s r u p t e d  and i n t a c t  di s u l p h i d e  
br i dge s  r e s p e c t i v e l y .  R e l a t i v e  m o l e c u l a r  mas s  (RMM) 
determi  nat i ons  we r e  c a r r i e d  out  w i t h  r e f e r e n c e  t o  p r o t e i n  
s t andards  o f  known RMM, and t h e  r e s u l t s  o b t a i n e d  ar e  shown  
i n  T a b l e  4 . 5 .
Tabl e  4.5.  SDS-PAGE r e s u l t s  f o r  n a t i v e  and po l yva l y l - BSA
RMM (kD)
In t he  absence  of I n t he  pr e s e nc e  of
8-ime rcapt oe t hano1 8~mercapt oet hanol
Samp 1 e Major Band Minor Bands Major Band Minor Bands
BSA 43-49 91- 96+pol ymers 58-70 1 0 3 - 1 1 0+pol ymers
VAL 1 44- 54 9 6 - 1 04+pol ymers 60- 73 po ly me rs
VAL 2 45- 57 96- 105+pol ymers 66-76 pol ymers
These r e s u l t s  show t h a t m o d i f i c a t i o n  c a u s e d  an
i n c r e a s e  i n RMM o f  t h e  maj or  bands  o f ,  on a v e r a g e ,  4 and 11% 
i n sampl es  VAL1 and VAL2 r e s p e c t i v e l y .
4 . 3 . 8 .  Ci r c u l a r  Di chroi sm
The c i r c u l a r  d i c hr o i s m s pe c t r a  f or  n a t i v e  and modi f i ed  
BSA s a mp l e s  ar e  shown i n f i g u r e  4 . 5  and we r e  compared t o t h e  
model s pe c t r a  f or  a - h e l i x ,  8 - s h e e t  and random c o i l  obt ai ned  
by Greenwood and Fasman ( 1 9 6 9 ) .  A c o mp u t e r  c u r v e  f i t t i n g  
program ( Morri s ,  1988) was used to c a l c u l a t e  the  pe r c e nt age s  
of  each c o n f o r m a t i o n  by c o mp a r i n g  t h e  c u r v e s  o b t a i n e d  f o r
1 0 5
sampl es  of n a t i v e  BSA, VAL1 and VAL 2 wi t h t he  model  s pe c t ra .  
These r e s u l t s  are shown in Tabl e 4.6.
Tabl e  4 . 6 .  M o l e c u l a r  c o n f o r m a t i o n  o f  n a t i v e  and p o l y v a l y l -  
BSA by c i r c u l a r  d i c hr o i s m
Pe r c e nt age  oc c ur r e nc e  
Sample a - He l i x  0 - She e t  Random c o i l
BSA 64. 64 ' 7.73 2 7.63
UFBSA 54.30 17.9 7 27.73
VAL 1 19.34 45.35 13.53
VAL2 47.26 22.47 30.2 7
UFBSA r e f e r s  to the  sampl e  of BSA which was u l t r a f i l t e r e d  as 
a c o n t r o l .
4 . 3 . 9 .  Funct i onal  pr oper t y  t e s t s
4 . 3 . 9 . 1 .  Whipping p r o p e r t i e s
The pe r c e nt age  foam expans i on r e s u l t s  and foam l i q u i d  
s t a b i l i t y  r e s u l t s  a r e  s h o wn  i n  f i g u r e s  4 . 6 .  and 4 . 7  
r e s p e c t i v e l y .  Onl y t h e  m o d i f i c a t i o n  at  pH 6.5 change d t h e  
foaming p r o p e r t i e s  to any great  e x t e nt  by i mprovi ng t he  foam 
expans i on and s t a b i l i t y .
4 . 3 . 9 . 2 .  E m u l s i f i c a t i o n  p r o p e r t i e s
Emul s i on s t a b i l i t y  r e s u l t s  o f  0.25% ( w/ w)  p r o t e i n
emul s i ons  s t o r e d  f o r  two weeks  at  5°C and a s s e s s e d  by t h e  
amount of  c r e a mi n g  o v e r  t h i s  p e r i o d  as w e l l  as s u b j e c t i n g  
t he  f r e s h  e m u l s i o n  t o  c e n t r i f u g a t i o n  f o r  10m i n at  200 0_g 
are g i ve n i n Ta b l e  4. 7.
1 0 6
Tabl e 4. 7.  The s t a b i l i t y  o f  e m u l s i o n s  made wi t h  n a t i v e  and 
pol yval y l - BSA (0.25% (w/v;)  p r o t e i n  and 25% ( w/ w)  c or n  o i l )
% Creami ng
Sto rage
Sample Zero t i me 1 we ek 2 weeks Cent r i  f ugat i on
BSA 0 0 0 0
VAL 1 0 28 31 39
VAL 2 0 35 37 28
The two m o d i f i e d  po l y v al y 1 -B SA s a mp l e s  s e p a r a t e d  on 
s t o r a g e  and a f t e r  c e n t r i f u g a t i o n  but  t h e  d e g r e e  o f  
s e pa r a t i o n  depended on t he  s t a b i l i t y  t e s t .
4 . 3 . 9 . 3 .  Emul s i on d r o p l e t  s i z e
Re s u l t s  of  t h e  a v e r a g e  and range  of  e m u l s i o n  d r o p l e t  
s i z e s  measured manual l y (by eye)  from phot omi crographs  taken  
of  0.25% ( w/ w)  p r o t e i n  e m u l s i o n s  ( S e c t i o n  2 . 3 . 8 . 2 . 1 )  are  
gi ven i n Ta b l e  4. 8.
Tabl e  4 . 8 .  D r o p l e t  s i z e  o f  e m u l s i o n s  made w i t h  n a t i v e  and 
pol yva l y l - BSA (0.25% (w/w)  p r o t e i n  and 25% (w/w)  corn o i l )
Sample av e rag e s i z e  ( p) S.D. Range (y) S.D.
BSA 1.26 0.207 0- 4. 85 + 0.25
VAL 1 1.08 ± 0.186 0- 3 . 37 + 0.38
VAL 2 1.15 Hb 0.140 0- 4. 45 ± 1.21
Emu Is i ons  made wi t h  n a t i v e  BSA c o n t a i n e d  t h e  l a r g e s t  
o i l  d r o p l e t s  but t he r e  were no s i g n i f i c a n t  d i f f e r e n c e s .
4 . 3 . 9 . 4 .  Thermal  t r e a t me nt
Nat i ve  BSA and modi f i e d  s ampl es  (6% (w/w)  pr o t e i n)  al l  
g e l l e d  when h e a t e d  f o r  30 min at  95°C.  The f o r c e  r e q u i r e d
to compress  the 15mm g e l ,  c o h e s i v e n e s s  and breaki ng s t r e ng t h  
are r e p o r t e d  i n Ta b l e  4 . 9.
Tabl e  4 . 9 .  Gel  s t r e n g t h  and c o h e s i v e n e s s  o f  g e l s  made f rom 
n a t i v e  and po l yva l y l - BSA (6% w/w p r o t e i n  i n 45% w / w  s u c r o s e  
s o l u t i o n ,  a l l  a d j u s t e d  t o  pH 7) .
Sample Gel s t r e ng t h  Breaki ng Cohes i venes s
at  12mm at  6mm St r e ngt h (mm)
compress i on
( g)
BSA 6 90±26 4 0
UFBSA - 15±4
VAL 1 - 0
VAL 2 5 3±3 6 0
(9)
Did not  break 
9 7±2 7 9 . 7±0.4
23 0±12 4 10 . 7±0.4
Did not break
The n a t i v e  BSA ge l  had t h e  h i g h e s t  ge l  s t r e n g t h  
whereas  t h e  m o d i f i e d  BSA s a m p l e s  VAL1 and VAL2 pr oduc e d  
progres s  i v e l y weaker g e l s .  However,  sampl e  VAL1 was f i r me r  
than t he  ul t raf  i 11 er ed c ont ro l  and VAL2 was weaker.
A s ma l l  amount  o f  each o f  t h e  p r o t e i n  s o l u t i o n s  was h e a t e d  
i n t he  abs e nc e  of  s u c r o s e  and i t  was found t h a t  onl y  sampl e  
VAL 1 g e l l e d .
4 . 4 .  D i s c u s s i o n
4 . 4 . 1 .  Ext ent  o f  t he  Mo d i f i c a t i o n
The e x t e n t  of  t he  a d d i t i o n  of  v a l i n e  mo l e c u l e s  to BSA 
and t h e  number o f  l y s i n e  r e s i d u e s  m o d i f i e d  was d e p e n d e n t  
upon the pH of  the r e a c t i o n  mi x t ur e  duri ng the mo d i f i c a t i o n .  
At pH 6.5 (VAL1) a 76% i n c r e a s e  i n  v a l i n e  c o n t e n t  was  
achei ved w h e r e a s  a 92% i n c r e a s e  was  o b t a i n e d  a t  pH 10. 2.
Mo d i f i c a t i o n  a t  a l k a l i n e  pH a c h i e v e d  a mo r e  e x t e n s i v e  
mo d i f i c a t i o n  but  at  aci d pH s l i g h t l y  l o ng e r  chai ns  of  v a l i n e  
mo l e c u l e s  were added at  each l y s i n e  res i due .
Si mi l ar  f i n d i n g s  a r e  r e p o r t e d  by G a e r t n e r  and  
Pui g s e r v e r  ( 1 9 8 4 )  who c o v a l e n t l y  a t t a c h e d  N - c a r b o x y  
me t hi oni ne  a n h y d r i d e  t o  c a s e i n  under  t h e  same e x p e r i m e n t a l  
c o n d i t i o n s  us e d i n  t h i s  s t u d y  and f ound t h a t  a t  pH 6.5 an 
average o f  s e v e n  t o  e i g h t  me t h i o n y l  r e s i d u e s  were  a t t a c h e d  
to each of  t h e  s e v e n  m o d i f i e d  l y s y l  r e s i d u e s ,  and f i v e  
l y s i n e  r e s i due s  di d not r e ac t .  Mo d i f i c a t i o n  at  a l k a l i n e  pH 
l i mi t e d  p o l y m e r i s a t i o n  o f  m e t h i o n i n e  but  mo r e  l y s i n e  
r e s i due s  were a c y l a t e d .
The pH dependence  of  the r e a c t i o n  of  NC- gl yc i ne- A wi t h  
bovi ne  p l a s m a  a l b u m i n  was  a l s o  s t u d i e d  by B e c k e r  and 
Stahmann ( 1953b)  who s howed an i n c r e a s e  i n  t he  number of  
g l y c i n e  r e s i due s  bet ween pH 6. 2- 7. 6 and 8 . 1- 9 . 0 .  This l a r g e  
i n c r e a s e  i n  t h e  r e a c t i v i t y  b e t w e e n  pH 7 . 6  and 8 . 1  was  
r e l a t e d  t o  t h e  pK o f  t h e  a - ami  no gr oups  whi c h  became  more  
f a v o ur a bl e  f o r  r e a c t i o n  t han t h e  e p s i l o n  ami no g r o ups .  At 
t he  h i g h e r  pH t h e  e f f e c t i v e  c o n c e n t r a t i o n  o f  f r e e  a - a mi n o  
groups i . e .  t h o s e  a v a i l a b l e  f o r  r e a c t i o n ,  i n c r e a s e d .  Th i s  
was i n d i c a t e d  c l e a r l y  by Be c ke r  and St ahmann ( 1953)  who 
s t udi e d  t he  p o l y m e r i s a t i o n  of  NCA d e r i v a t i v e s  i n b u f f e r e d  
s o l u t i o n  wi t h  ammonia as  t h e  i n i t i a t o r  and f ound t h a t  t h e  
i n c r e a s e  i n  c h a i n  l e n g t h  was  r e l a t e d  t o  t h e  pH o f  t h e  
r e a c t i o n  m i x t u r e  ( but  t h a t  t h e  k i n e t i c s  o f  t h e  r e a c t i o n  
changed between pH 6.9 and 7.1) as shown bel ow:
5 . 7  2.0
6 . 1  2.1
6 . 6  2 .6
6. 9 2.6
7. 1 3.0
7. 3 3.1
7. 6 3.1
pH Chai n l e n g t h
Becker and Stahmann (1953)  a l so  showed t hat  the e x t e n t  
of  t h e  r e a c t i o n  o f  N C - g l y c i n e - A  and b o v i n e  p l as ma a l bumi n  
was d e p e n d e n t  on t h e  mo l a r  r a t i o s  of  t h e  r e a c t a n t s ,  t h e  
amount bound i nc r e a s e d  wi t h i n c r e a s i n g  c o n c e n t r a t i o n  of  t he  
NCA d e r i v a t i v e  as shown bel ow:  The r e a c t i o n  was c ar r i e d  out
f or  4 hours  at  pH 7. 4.
mg NCA added t o 10ml of  a 1% Mol e s  of  g l y c i n e a d d e d
Bovi ne Plasma Albumin s o l u t i o n  per mole of  pr o t e i n
10 5 .1
21 8.7
43 13.3
80 17.1
Koni gsberg and Be c ke r  ( 1959)  m o d i f i e d  b o v i n e  p l a s ma  
albumin by t h e  c o v a l e n t  a t t a c h m e n t  o f  g l y c i n e  and 
p h e ny l a l a n i ne  u s i n g  r a d i o l a b e l l e d  NCA d e r i v a t i v e s  whi c h  
enabl ed a c c u r a t e  a s s e s s m e n t  o f  t h e  e x t e n t  o f  t h e  r e a c t i o n .  
At pH 7.4 and w i t h  an NCA t o  p r o t e i n  mo l a r  r a t i o  of  350: 1  
t he  f o l l o wi n g  r e s u l t s  were obt a i ned.
D e r i v a t i v e  Amino groups Mol es  of  amino Amino groups Average  
per mo l e c u l e  aci d added a c y l a t e d  chai n
per mo l e c u l e  per mo l e c u l e  l engt h
Phe ny l a l a n i ne  62 39 20 2
Gl y c i ne  62 41 21 2
The e x t e n t  o f  t h e  r e a c t i o n  was  n o t  a f f e c t e d  by t h e
,1.10  . , , . . . . .
p a r t i c u l a r  ami no a c i d .  The c h a i n  l e n g t h  added was  s i m i l a r  
to t h a t  f ound i n t h i s  s t u d y  but  l e s s  t han t h a t  f ound by 
Gaert ner and Pu i g s e r v e r  (19 84) us i ng c as e i n .
4 . 4 . 2 .  Sul phydryl  I n t e r a c t i o n
The r e a c t i o n  of  NCA ami no a c i d s  i s  g e n e r a l l y  t h o u g h t  
to be l i m i t e d  t o  amino gr oups  (Means and Fe e n e y ,  1971) .  
However,  t h i s  s t u d y  i n d i c a t e d  t h a t  t h e r e  i s  some c r o s s  
r e a c t i v i t y  wi t h sul phydryl  groups r e s u l t i n g  in a de c r e a s e  of  
32-35% of  t h e  s u l p h y d r y l  gr oups  of  BSA. A s l i g h t  d e c r e a s e  
i n t h e  number o f  f r e e  SH gr oups  was q u o t e d  by Ko n i g s b e r g  and 
Becker ( 1959)  when N C - g l y c i n e - A  was  r e a c t e d  wi t h  b o v i n e  
plasma a l bumi n  but  t h e  d e g r e e  o f  c r o s s  r e a c t i v i t y  was not  
q u a n t i f i e d .  K o n i g s b e r g  and B e c k e r  ( 1 9 5 9 )  m e a s u r e d  t h e  
r e a c t i v i t y  o f  t h e  s u l p h y d r y l  g r o u p  by r e a c t i o n  w i t h  
n i t r o p r u s s i d e  and f o u n d  t h a t  t h e  n i t r o p r u s s i d e  c o l o u r  
di mi ni s he d,  but  r e t u r n e d  t o  i t s  o r i g i n a l  v a l u e  a f t e r  24 
hours.  The i n c r e a s e  i n  c o l o u r  c o u l d  be o b t a i n e d  i n a few 
mi nut es  upon t he  a d d i t i o n  of  aqueous ammonia.  B a r t l e t t  and 
Di t t mer  ( 1957)  r e p o r t e d  s i m i l a r  r e s u l t s  i n h i s  s t u d i e s  of  
t he  r e a c t i o n  o f  p h e n y l a l a n i n e  NCA w i t h  c y s t e i n e  and 
g l u t a t h i o n e .  I t  a p p e a r s  t h a t  i n  t h e  r e a c t i o n  of  NCAs wi t h  
s ul phyd ry 1- co n t a i n i  ng p r o t e i n s ,  an i n i t i a l  a t t a c k  on t h e  
sul phydryl  group o c c u r s  f o l l o w e d  e i t h e r  by t h e  t r a n s f e r  o f  
t he  acyl  group t o  an ami no g r oup,  or by h y d r o l y s i s  o f  t h e  
t h i o e s t e r .
4 . 4 .  3.  pH T i t r a t i o n
The most  e x t e n s i v e l y  modi f i ed  sampl e  (VAL2) showed a 
marked d e v i a t i o n  f rom t h e  normal  t i t r a t i o n  c ur v e  f o r  BSA 
s ug g e s t i ng  t h a t  t he  c o v a l e n t  a t t a c h m e n t  of  v a l i n e  may have  
l i mi t e d  t he  normal N-F t r a n s f o r ma t i o n  t hat  occurs  when BSA 
i s  s u b j e c t e d  t o  t h e  pH range .  The s h i f t  i n t h e  t i t r a t i o n  
curve at  a p p r o x i m a t e l y  pH 7 has been r e p o r t e d  b e f o r e  by 
Stahmann and Be c ke r  ( 1952)  who r e a c t e d  N C - g l y c i n e - A  wi t h  
bovi ne  p l as ma a l b u mi n  and s t u d i e d  t h e  e f f e c t  on t h e  pH 
t i t r a t i o n  curve.  In c ompar i s i on  wi t h t he  unmodi f i ed p r o t e i n  
t h e r e  was a marked s h i f t  i n  t h e  pH r e g i o n  7 t o  11 and i t  was  
e s t i mat ed f rom t h i s  t h a t  t h e  a n h y d r i d e  r e a c t e d  wi t h  about  
one t h i r d  o f  t h e  amino gr oups  p r e s e n t .  From t h i s  s h i f t  i n  
t he  pH c u r v e ,  B e c k e r  and S t a h ma n n  ( 1 9 5 3 )  c a l c u l a t e d  
(Tanford,  1950)  t h a t  5 a - ami  no gr oups  and 61 e p s i l o n  ami no  
groups we r e  t i t r a t e d  i n t h e  n a t i v e  BSA compared t o  27 a-  and 
39 e p s i l o n  amino groups i n t he  modi f i e d  sampl e.
4 . 4 . 4 .  Hydrophobi c i t y
The r e l a t i o n s h i p  b e t w e e n  f l u o r e s c e n c e  i n t e n s i t y  and 
p r o t e i n  concent  r a t i o n  of  BSA measured i n t he  aqueous s t a t e  
was not  l i n e a r ;  t h i s  phenomenon was  d i s c u s s e d  i n s e c t i o n
3 . 4 . 5 .  whe r e  i t  i s  s u g g e s t e d  t h a t  i n , a q u e o u s  medi a  t h e  
hydrophobi c  BSA m o l e c u l e s  form m i c e l l e s ,  t h e  i n t e r i o r  o f  
which ar e  not  a v a i l a b l e  f o r  me a s u r e me n t  by t h i s  t e c h n i q u e .  
Al though the c o v a l e n t  at t achment  of hydrophobi c  groups would 
be e x p e c t e d  t o  a c c e n t u a t e  m i c e l l e  f o r m a t i o n ,  a l i n e a r  
r e s pons e  of  f l u o r e s c e n t  i n t e n s i t y  wi t h  c o n c e n t r a t i o n  was  
noted.  I t  s eems  l i k e l y  t h a t  t h e  l o n g e r  c h a i n s  of  v a l i n e
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r e s i du e s  a t t a c h e d  i n  s a mp l e  VAL1 p r o t r u d e  f u r t h e r  from t h e  
mol e c ul e  and t h e r e f o r e  i n f l u e n c e d  t h e  m e a s u r e m e n t  o f  
hydr ophobi c i t y  more than a s i n g l e  r e s i due  at t ached in sampl e  
VAL 2.
The r e s u l t s  o f  h y d r o p h o b i c i t y  m e a s u r e d  i n  t h e  
pres ence  of  20mg l i t r e " 1 SDS s ug g e s t  t ha t  BSA was r e l a t i v e l y  
more h y d r o p h o b i c  t han t h e  m o d i f i e d  s a mp l e s .  The r e a s o n  f o r  
t h i s  i s  unknown,  a l though i t  appears  t hat  BSA may bind wi t h  
SDS so t h a t  t h e  h y d r o p h o b i c i t y  me as ur e d by c i s - p a r i n a r i c 
aci d i n c l u d e s  a c o n t r i b u t i o n  f rom t h i s  h i g h l y  h y d r o p h o b i c  
mol e c u l e ,  whereas  t he  modi f i e d  sampl es  may have i n t e r f e r e d  
wi th t h e  b i n d i n g  o f  SDS by s t e r i c  h i n d r a n c e  and by 
hydrophobi c  r e pul s i on .  Heat d e n a t ur a t i o n ,  however,  pr i o r  t o  
measurement  r e s u l t e d  i n r e l a t i v e  h y d r o p h o b i c i t y  v a l u e s  
c o n s i s t e n t  wi t h  t h e  ami no ac i d  r e s u l t s  f o r  t h e  a d d i t i o n  o f  
v a l i n e .  Heat  d e n a t u r a t i o n  o f  p r o t e i n  s o l u t i o n s  i n h i b i t e d  
m i c e l l e  f o r m a t i o n  ( s e c t i o n  3 . 3 . 4 . 3 )  t h u s  p r o d u c i n g  a 
hydrophobi  ci ty r e s u l t  w i t h  mi n i ma l  i n f l u e n c e  f r o m t h e  
aqueous envi ronment .
4 . 4 . 5 .  E l e c t r o p h o r e s i s
4 . 4 . 5 . 1 .  I s o e l e c t r i c  Focus i ng
The i s o e l e c t r i c  f o c u s i n g  r e s u l t s  i n d i c a t e d  t h a t  
mo d i f i c a t i o n  pr oduc e d a p r o t e i n  wi t h  a h i g h e r  i s o e l e c t r i c  
poi nt  and t h e r e f o r e  w i t h  a h i g h e r  o v e r a l l  n e g a t i v e  c h a r g e .  
This woul d be e x p e c t e d  s i n c e  i n t h e  f o r m a t i o n  o f  p o l y v a l y l  
BSA t h e  e p s i l o n  ami no g r o ups  of  l y s i n e  w i t h  a pK v a l u e  of  
9 . 4  were repl aced wi t h t e r mi na l  a-ami no groups which have pK
v a l ue s  o f  8 . 0 .  T h e r e f o r e  t h e r e  was  a d e c r e a s e  i n  t h e  
p o s i t i v e  c h a r g e  and an i n c r e a s e  i n t h e  m o b i l i t y  o f  t h e  
n e g a t i v e l y  charged pr ot e i n .
4 . 4 . 5 . 2 .  N o n - d i s s o c i a t i n g  d i s c o n t i n u o u s  p o l y a c r y l a mi d e  gel  
e l e c t r o p h o r e s  i s
The i n c r e a s e  i n n e g a t i v e  c h a r g e  on t h e  p r o t e i n  
caused by t he  c o nv e r s i o n  of  e p s i l o n  amino groups to t e r mi na l  
a-ami no groups would be expect ed to cause  i nc r e as e d  mo b i l i t y  
i n t h i s  gel  s y s t e m and t h e  r e s u l t s  c o n f i r m e d  t h i s .  The 
mo d i f i c a t i o n  a l s o  r e s u l t e d  i n  a v a r i e t y  of  p r o d u c t s  as  
i n d i c a t e d  by t h e  i n c r e a s e d  number o f  bands  s e e n  i n  t h e s e  
sampl es  compared t o n a t i v e  BSA. Stahmann and Becker ( 1952)  
and B e c k e r  and S t a h ma n n  ( 1 9 5 3 )  r e p o r t e d  p r e l i m i n a r y  
exper i ment s  t ha t  showed po l y g l y c y l  bovi ne  pl asma al bumi n to  
have a s i n g l e  e l e c t r o p h o r e t i c  peak but t he  c o n d i t i o n s  of  t he  
method and r e s u l t s  w e r e  n o t  q u o t e d .  E l e c t r o p h o r e t i c  
mo b i l i t y  r e s u l t s  o f  p o l y v a l y l - b o v i n e  and r a b b i t  a l bumi n  
obt ai ned by Van K l e y  and S t a h m a n n  ( 1 9 5 6 )  u s i n g  an 
e l e c t r o p h o r e s i s - d i f f u s i o n  a p p a r a t u s  i n d i c a t e d  t h a t  t h e  
modi f i ed s a m p l e s  m i g r a t e d  w i t h  a s i n g l e  s y m m e t r i c a l  
boundary s u g g e s t i n g  a uni form product .
4 . 4 . 5 . 3 .  D i s c o n t i n u o u s  d i s s o c i a t i n g  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  (SDS-PAGE)
As was  shown i n  s e c t i o n  3 . 4 . 5 . 3 ,  m o b i l i t y  of  p r o t e i n s  
was d e c r e a s e d  i n  t h e  a b s e n c e  of  B - m e r c a p t o e t h a n o l  and 
t h e r e f o r e  t h e s e  r e s u l t s  did not g i v e  a r e l i a b l e  e s t i ma t e  of  
mol e cul ar  we i ght .  The pe r c e nt a g e  i n c r e a s e s  o bt a i ne d ,  of  t he
major b a n d s ,  o f  4 and 11% i n  s a m p l e s  VAL1 and V A L 2 
r e s p e c t i v e l y  we r e  g r e a t e r  t h a n  wo ul d  be  e x p e c t e d  by 
c a l c u l a t i o n .  The a d d i t i o n  of  21 and 26 m o l e c u l e s  of  v a l i n e  
per mol e c u l e  of  BSA would be expected to i n c r e a s e  mol e c ul ar  
wei ght s  by 4 and 5% r e s p e c t i v e l y .  I t  i s  p o s s i b l e  t h a t  t h e  
amino a c i d  v a l u e s  f o r  added v a l i n e  may be l ow s i n c e  t h e r e  i s  
e v i de nc e  t h a t  p o l y v a l y l  p r o t e i n s  ar e  r e s i s t a n t  t o  a c i d  
hy dr o l y s i s  ( S t r a c h e r  e t  a l . ,  1 9 5 6 ;  S y n g e ,  1 9 4 5 )  due t o  
s t e r i c  hi ndrance  of  t he  v a l y l - v a l i n e  pe pt i de  bond.  Gaert ner  
and Pui g s e r v e r  (1984)  examined t he  e l e c t r o p  ho r e t i c  pa t t e r ns  
produced by t he  s e p a r a t i o n  of  po lym eth i o nyl 0-1 act  ogl  obul i n 
on 7.5% SDS PAGE g e l s  and found t h a t  t h e  m o d i f i e d  s a mp l e s  
gave a s i n g l e  wi de  band as compared t o  t h e  c o n t r o l  s a mp l e s  
which had two d i s t i n c t  bands.  They s ugge s t e d  t ha t  t he  wel l  
charact  eri  s t ed p o l y p e p t i d e s  A and B of  s l i g h t l y  d i f f e r e n t  
mol e cul ar  w e i g h t  whi ch e x i s t  i n n a t i v e  0 - l a c t o g l o b i n  had 
been m o d i f i e d  t o  g i v e  a v a r i e t y  of  p r o d u c t s .  I t  was a l s o  
noted t hat  t he  i n c r e a s e  in mol e c ul ar  wei ght  in t h e s e  sampl es  
as me as ur e d by SDS-PAGE m o l e c u l a r  w e i g h t  mar ke r s  was not  
q u i t e  c o n s i s t e n t  w i t h  t h e  e x t e n t  o f  r e a c t i o n  me as ur e d by 
amino a c i d  a n a l y s i s .  Th i s  d i s c r e p a n c y  was  e x p l a i n e d  by 
decreased mo b i l i t y  of  t he  po l ype pt i dy l  p r o t e i n  on t he  PAGE 
gel  r e s u l t i n g  from t h e  br anc he d s t r u c t u r e  of  t h e  m o d i f i e d  
s ample.
4 . 4 . 6 .  Ci r c u l a r  d i c hr o i s m
The devi  at i o n s  i n t h e  c i r c u l a r  d i c h r o i s m  s p e c t r a  di d  
not f o l l o w  a p a t t e r n  c o n s i s t e n t  w i t h  t h e  d e g r e e  o f  amino  
acid a t t a c h m e n t .  T h i s  was  mo s t  p r o b a b l y  due  t o  t h e  
d i f f e r i n g  p a t t e r n s  o f  a t t a c h m e n t  b e t we e n  t h e  two s a m p l e s .
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It  seems probabl e  t hat  t he  l onger  chai ns  of  v a l i n e  a t t ac he d  
in s a mp l e  VAL1 i n t e r f e r e d  more wi t h  t h e  h e l i c a l  s t r u c t u r e  
than t h e  s i n g l e  v a l i n e  r e s i d u e  a t t a c h e d  at  each s i t e  i n  
sampl e V A L 2.  P u i g s e r v e r  e t  ajk ( 1 9 7 9 )  e x a m i n e d  t h e  
conf ormat i onal  c h a n g e s  whi c h o c c u r r e d  when d i f f e r e n t  NCA 
amino a c i d s  w e r e  r e a c t e d  w i t h  c a s e i n  by u l t r a v i o l e t  
abs o r pt i o n  s p e c t r o s e o p y .  The m o d i f i e d  p r o t e i n s  each gave  a 
d i f f e r e n t  a bs or pt i on  spectrum to t hat  of  n a t i v e  c a s e i n .  I t  
was f ound t h a t  ami no a c i d s  such as a s p a r t i c  a c i d  and N- 
a c e t y l me t h i o n i n e  whi c h  n e u t r a l i s e d  t h e  p o s i t i v e  c h a r g e  of  
t he  e p s i l o n  amino groups gave d i f f e r e n t l y  shaped s pe c t r a  to  
pr o t e i ns  r e a c t e d  w i t h  ami no  a c i d s  s u c h  as a l a n i n e ,  
me t hi oni ne  and as par ag i ne  which did not a l t e r  t he  charge on 
t he  prot e i  n.
4 . 4 . 7 .  Funct i onal  p r o p e r t i e s
4 . 4 . 7 . 1 .  Whipping p r o p e r t i e s
The p e r c e n t a g e  foam e x p a n s i o n  was  i m p r o v e d  on 
mo d i f i c a t i o n  by 113 and 33% o f  t h e  v a l u e s  f o r  u l t r a f i l t e r e d  
BSA i n  s a m p l e s  VAL1 and VAL2 r e s p e c t i v e l y .  The f oam 
s t a b i l i t y  was a l s o  i mpr ove d  i n s a mp l e  VAL1. Thi s  s u g g e s t s  
t hat  t he  l onge r  chai ns  of  v a l i n e  r e s i due s  at t ached to sampl e  
VAL1 were i mport ant  in foam f or mat i on  and s t a b i l i t y  and th'at 
t h i s  a t t r a c t i v e  h y d r o p h o b i c  f o r c e  was  s u f f i c i e n t  t o  
c o unt e r a c t  t h e  e l e c t r o s t a t i c  r e p u l s i o n  due t o  i n c r e a s e d  
n e g a t i v e  c har ge .
4 . 4 . 7 . 2 .  E m u l s i f i c a t i o n  p r o p e r t i e s
The e m u l s i o n  s t a b i l i t y  of  t h e  m o d i f i e d  s a mp l e s  was  
i n f e r i o r  t o  t hat  of  n a t i v e  BSA, but t he r e  was no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  a v e r a g e  d r o p l e t  s i z e s .  The i n c r e a s e  i n  
e l e c t r o s t a t i c  r e p u l s i o n ,  due t o  t h e  i n c r e a s e  i n o v e r a l l  
ne g a t i v e  c h a r g e  i n  t h e  m o d i f i e d  s a m p l e s ,  was a p r o b a b l e  
cause  f o r  t h e  i n f e r i o r  e m u l s i o n  s t a b i l i t y  s i n c e  
e l e c t r o s t a t i c  bonds  ar e  t h o u g h t  t o  be i m p o r t a n t  i n  t h e  
mai nt enance  of  a c o h e s i v e  f i l m  at  t h e  w a t e r / o i l  i n t e r f a c e  
(Shukl a,  19 82 ). I t  may be t h a t  t h e  work r e q u i r e d  t o  form a 
foam was s u f f i c i e n t  to d i s r u p t  t he  mol e c u l e  s u f f i c i e n t l y  so 
t h a t  t h e  a t t a c h e d  h y d r o p h o b i c  c h a i n s  we r e  made a c c e s s i b l e  
but t h e  work i n v o l v e d  i n f o r mi n g  an e m u l s i o n  was  not  
s u f f i c i e n t  t o  a c h i e v e  t h i s  conf or mat i ona l  change.  Al though 
t h e s e  r e s u l t s  appear to c o n t r a d i c t  t he  f i n d i n g s  of  Kato and 
Nakai ,  ( 1 9 8 0 )  who c o r r e l a t e d  h y d r o p h o b i c i t y  w i t h  
e m u l s i f i c a t i o n  p r o p e r t i e s ,  i t  s h o u l d  be not e d  t h a t  t h i s  
r e l a t i o n s h i p  was found wi t h heat  denatured p r o t e i ns .
C h o b e r t je t_ a ( 1 9 8 7 )  p r e p a r e d  p o l y v a l y l -  and  
po l y me t h i o ny l -  c a s e i n  d e r i v a t i v e s  under  t h e  s ame  r e a c t i o n  
c o n d i t i o n s  as used in t h i s  s t udy ,  and measured t he  e f f e c t  on 
t he  e m u l s i f i c a t i o n  p r o p e r t i e s .  Val i ne  i s  more hydrophobi c  
than me t h i o n i ne  and t h e r e f o r e  would be expect ed to i mprove  
t he  e m u l s i o n  c a p a c i t y  but  t h i s  was not  f ound b e t w e e n  pH 1 - 
10. T h e i r  f i n d i n g  was  e x p l a i n e d  by i n t r a -  and i n t e r -  
mol e cul ar  i n t e r a c t i o n s  p u s h i n g  s o me  o f  t h e  c o v a l e n t l y  
at t ached v a l i  ne c h a i n s  i n t o  t h e  i n t e r i o r  o f  t h e  m o l e c u l e  due  
to t h e i r  e x t r e m e l y  h y d r o p h o b i c  n a t u r e .  At pH 11 u n f o l d i n g  
may h a v e  o c c u r r e d  w h i c h  l i m i t e d  t h e s e  m o l e c u l a r  
rearrangement s .  Thus t h e  e m u l s i o n  c a p a c i t y  o f  t h e  po l y
v a l i n e  d e r i v a t i v e  was  h i g h e r  t h a n  t h e  p o l y  m e t h i o n i n e  
d e r i v a t i v e  and t h e  c a s e i n  c o n t r o l .  Be l ow t h e  i s o e l e c t r i c  
po i nt ,  p o l y v a l y l -  c a s e i n s  we r e  f ound t o  have  i mpr o v e d  
emul s i on s t a b i l i t y  and a c t i v i t y  p r o p e r t i e s  compared t o  t h e  
po l ymethi onyl  - d e r i v a t i v e s  but  above  t h e  i s o e l e c t r i c  p o i n t  
t he  s t a b i l i t y  was d e t e r mi n e d  by t h e  l e n g t h  of  t h e  a t t a c h e d  
amino aci d chai n.  The more e x t e n s i v e  chai ns  of  amino ac i ds  
had a g r e a t e r  de t r i me nt a l  e f f e c t  on t he  e mul s i on s t a b i l i t y .
4 . 4 . 7 . 3 .  Ge l a t i o n
Mo d i f i c a t i o n  by t h e  c o v a l e n t  a t t a c h m e n t  of  v a l i n e  
i nc r e as e d  gel  s t r e ng t h  when chai ns  of  v a l i n e  mo l e c u l e s  were  
at t ached whi c h  f o l l o w e d  t h e  p a t t e r n  o f  i mp r o v e me n t  i n t h e  
foaming r e s u l t s .  Thi s  s u g g e s t s  t h a t  h y d r o p h o b i c i t y  may be  
an i mport ant  f a c t o r  i nv o l v e d  in gel  s t r e ng t h .  The d e c r e a s e  
i n t h e  ge l  s t r e n g t h  i n s a mp l e  VAL2 may be e x p l a i n e d  by t h e  
i n c r e a s e  i n o v e r a l l  n e g a t i v e  c h a r g e  i n  m o d i f i e d  s a mp l e s  
l i mi t i n g  gel  f or mat i on.  Shukl a ( 1982) repor t ed t he  r e l a t i v e  
s t r e n g t h s  of  t h e  a 11 r ac t i o n/ r  ep ul s i o n f o r c e s  i n v o l v e d  i n  
pr o t e i n  i n t e r a c t i o n s  by t he  d i s t a n c e  in Angstroms over which 
t he  i n t e r a c t i o n s  occurred.  E l e c t r o s t a t i c  f o r c e s  were a c t i v e  
at a m o l e c u l a r  s e p a r a t i o n  of  20A wh e r e a s  h y d r o p h o b i c  
i n t e r a c t i o n s  o c c ur  o n l y  a t  a d i s t a n c e  of  5A. T h e r e f o r e  i t  
seems probabl e  t h a t  t he  e l e c t r o s t a t i c  r e p u l s i o n  o c c u r s ,  due 
to t h e  o v e r a l l  i n c r e a s e  i n n e g a t i v e  c h a r g e  in t h e  m o d i f i e d  
sampl es ,  b e f o r e  h y d r o p h o b i c  bonds  ar e  f o r me d ,  u n l e s s  t h e  
i nc r e as e d  h y d r o p h o b i c i t y  i s  g r e a t  enough t o  o v e r c o me  t h e  
e l e c t r o s t a t i c  r e p u l s i o n .
The d e c r e a s e  i n t h e  number of  f r e e  s u l p h y d r y l  gr oups  
may a l s o  have  c o n t r i b u t e d  t o  t h e  d e c r e a s e d  ge l  s t r e n g t h
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s i n c e  SH-SS i n t e r c h a n g e  r e a c t i o n s  have  been shown t o  be  
i mportant  i n t h e  f o r m a t i o n  of  h e a t  s e t  g e l s  ( S t a i n s b y ,  
1 9 8 6 ) .
Pr e l i mi nar y  r e s u l t s  did s u g g e s t ,  h o we v e r ,  t h a t  i n t h e  
absence  of  s uc r o s e ,  sampl e  VAL1 had an i nc r e a s e d  t endency to  
gel  compared t o  t h e  o t h e r  s a mp l e s .  Th i s  s u g g e s t s  t h a t  
s uc r o s e  may mask some e f f e c t  of  t h e  h y d r o p h o b i c  c h a i n s ,  
p o s s i b l y  by an e l e c t r o s t a t i c  i n t e r a c t i o n  b e t we e n  t h e  p o l a r  
s uc r o s e  mo l e c u l e  and t he  non- pol ar  hydrophobi c groups.
4 . 5 .  Conc l us i on
The c o v a l e n t  a t t a c h m e n t  o f  v a l i n e  i m p r o v e d  t h e  
whi ppi ng and g e l l i n g  p r o p e r t i e s ,  when l o n g  c h a i n s  o f  
hydrophobi c  mo l e c u l e s  were a t t ached,  but i mpai red emul s i on  
s t a b i l i t y .  The r e s u l t s  s ug g e s t  t h a t  t he  c o v a l e n t  a t t achment  
of  a h i g h l y  h y d r o p h o b i c  a mi n o  a c i d  c a n  i m p r o v e  t h e  
f u nc t i o n a l  p r o p e r t i e s  of  a p r o t e i n  i f ,  i n  t h e  me c h a n i c a l  
working i n v o l v e d  or  t h e  u n f o l d i n g  due t o  h e a t  t r e a t m e n t  
at t ached groups o r i e n t  from t he  hydrophobi c i n t e r i o r  of  t he  
mol e c ul e  t o i n t e r a c t  wi t h o t he r  mol e c u l e s .  In a d d i t i o n  t he  
i n c r e a s e  in o v e r a l l  n e g a t i v e  charge on t he  p r o t e i n ,  caus i ng  
i nc r e as e d  e l e c t r o s t a t i c  r e p u l s i o n ,  r e s u l t s  i n i mp a i r e d  
f u nc t i o n a l  p r o p e r t i e s .
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IChapter 5
The a d d i t i o n  o f  Cy s t e i n e
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5 . 1 .  I n t r o d u c t i o n
Cy s t e i ne  a d d i t i o n  t o  v a r i o u s  p r o t e i n s  has  been shown  
to markedly a l t e r  f u n c t i o n a l  p r o p e r t i e s  (Howel l  and Lawri e ,  
1985; To, et  a 1 . , 19 85; P r a t e r ,  1971) .  I t  has  be e n  s u g g e s t e d  
t h a t  t h i s  a l t e r a t i o n  was due t o  c y s t e i n e  b r e a k i n g  e x i s t i n g  
di s ul phi de  bonds  and r e f o r m i n g  them w i t h  t h e  a d d i t i o n a l  
c y s t e i n e  m o l e c u l e .  Thus t h e  c y s t e i n e  m o l e c u l e  woul d be 
c o v a l e n t l y  a t t ached through i t s  s ul phydryl  group as shown in 
t he  equat  ion bel  ow:
The d i s u l p h i d e  bonds of  n a t i v e  p r o t e i n s  are r e s i s t a n t  
to r e d u c t i o n ,  u n l e s s  t h e  p r o t e i n  s t r u c t u r e  i s  f i r s t  opened  
up by d e n a t u r i n g  a g e n t s  s u c h  as  u r e a  or  g u a n i d i n e  
hydr oc hi or i de  ( Ce c i l  and McPhee,  1 9 59) .  The a c t i v i t y  o f  
c y s t e i n e  t o  r e d u c e  d i s u l p h i d e  bonds  i s  d e t e r m i n e d  by i t s  
redox p o t e n t i a l  whi c h  i s  l o w ( - 0 . 2 1  V o l t s )  as c ompared t o  
urea ( 0 . 33V) .  S i n c e  t h e  r e a c t i o n  o c c u r s  w i t h  t h e  o x i d i s e d  
t h i o l  ( S “ ) as oppos e d  t o  t h e  s u l p h y d r y l  (SH) ,  t h e  r a t e  o f  
i n t e r c hange  woul d be e x p e c t e d  t o  i n c r e a s e  a t  a l k a l i n e  pH.
This hy pot hys i s  was not exami ned by most  workers  (Howel l  and 
Lawrie,  1985;  To j+t a 1 . 1985)  as  u n r e a c t e d  c y s t e i n e  was  not  
removed from t he  r e a c t i o n  mi xt ur e  a f t e r  mo d i f i c a t i o n .  I t  was  
t h e r e f o r e  d e c i d e d  t o  e l u c i d a t e  t h e  me c hani s m of  p r o t e i n  
mo d i f i c a t i o n  by c y s t e i n e  a d d i t i o n  on t h e  f u n c t i o n a l
BSA + 2 Cys t e i ne Cy s t e i ne  mo di f i e d  BSA
p r o p e r t i e s  of  BSA. In p a r t i c u l a r  t h e  aim of  t h e  p r e s e n t  
s t udy was to exami ne whet her  t he  pres ence  of  c y s t e i n e  bound 
c o v a l e n t l y  t o  t h e  p r o t e i n  or f r e e  c y s t e i n e  a l t e r e d  t h e  
f unc t i o na l  p r o p e r t i e s  of  BSA.
5. 2.  Met hodol ogy
A s o l u t i o n  of  6% ( w/ v)  BSA was  mi xed w i t h  c y s t e i n e  (1% 
w/v) and hel d at ambient  t e mpe r at ur e  f or  24 hours accordi ng  
to Howel l  and L a w r i e  ( 1 9 8 5 ) .  The r e a c t i o n  was  c a r r i e d  out  
at  two pH l e v e l s ,  6. 0 and 8 . 0 ,  t o  a c h i e v e  t wo l e v e l s  o f  
addi t i on.  The s ampl es  were t h e r e f o r e  denoted CYS6 and CYS8. 
Excess  c y s t e i n e  was  r e mo v e d  by d i a f i l t r a t i o n  i n  an 
u l t r a f i l t r a t i o n  u n i t  a g a i n s t  at  l e a s t  10 1 of  d i s t i l l e d  
water u n t i l  no c y s t e i n e  c o u l d  be d e t e c t e d  i n  t h e  f i l t r a t e .  
The r e a c t i o n  mi x t ur e  was then c onc e nt r a t e d  to appr ox i mat e l y  
800ml and f r e e z e - d r i e d .
5 . 2 . 1 .  Ext ent  of  Mo d i f i c a t i o n
The e x t e n t  of  t h e  m o d i f i c a t i o n  was  me as ur e d by t h e  
i n c r e a s e  i n bot h ami no g r o ups  ( s e c t i o n  2 . 3 . 1 . 5 . )  and c y s t e i n e  
c o nt e nt  as shown by ami no a c i d  a n a l y s i s  ( s e c t i o n  2 . 3 . 6 ) .  The  
number of  f r e e  c y s t e i n e  m o l e c u l e s  p r e s e n t  i n  t h e  m o d i f i e d  
sample a f t e r  d i a f i l t r a t i o n  was  me as ur e d by t h e  i n c r e a s e  i n  
sul phydryl  groups as d e t e c t e d  wi t h DTNB ( s e c t i o n  2.3.2) .
5 . 3  R e s u l t s
The i n c r e a s e  i n c y s t e i n e  c o n t e n t  i n  t h e  m o d i f i e d  
sampl es  was  d e t e c t e d  by ami no ac i d  a n a l y s i s  ( Ta b l e  5 . 1 ) ,  
i n c r e a s e  i n ami no groups  ( Ta b l e  5. 2)  and by t h e  c h a n g e s  i n  
f r e e  sul phydryl  groups (Tabl e 5.3).
Tabl e  5 . 1 .  Ami no a c i d  a n a l y s i s  o f  BSA,  u l t r a f i l t e r e d  BSA 
(UFBSA) and BSA m o d i f i e d  w i t h  added c y s t e i n e  a t  pH6 (CYS6)  
and at  pH8 (CYS8).
Conc e nt r a t i on  ( y g / ml )
5 . 3 . 1  E x t e n t  o f  A d d i t i o n  o f  C y s t e i n e
BSA UFBSA CYS6 CYS8
ASP 9.36 9.67 9.29 9.18
GLU 14.01 15.16 14.49 14.35
SER 5.08 4.46 4.62 3.99
GL Y 3.61 2.72 3.03 2.18
HIS 3.33 3.59 3.43 3.52
ARG 4.16 4.98 4.73 4.55
THR 4.44 4.95 4.56 4.60
ALA 6.34 5.58 5.45 3.60
PRO 9.41 6.12 5.13 5.21
TYR 3. 88 3.80 3.94 3.67
VAL 4.47 4.80 4.52 4.51
MET 0.89 0.78 0.76 0.90
CYS 1.15 2.27 2.52 2.67
I LEU 2.19 2.20 2.15 2.03
LEU 8.02 9.33 8.49 8.60
PHE 4.71 5.68 5.27 5.26
TRP 3.43 2.79 2.43 2.96
L YS 9.04 10.86 10.53 10.73
The c y s t e i n e  me as ur e d by ami no a c i d  c o m p o s i t i o n  o f  
sampl es  CYS6 and CYS8 i n d i c a t e d  11 and 18% i n c r e a s e s  o v e r  
t he  u l t r a f i l t e r e d  BSA s a mp l e  r e s p e c t i v e l y .  Taki ng  t h e  
l i t e r a t u r e  v a l u e  of  0. 68 c y s t e i n e  r e s i d u e s  per  m o l e c u l e
( Ed s a l l ,  19 54) t h i s  s u g g e s t e d  t h a t  0 . 07  and 0. 12 c y s t e i n e
groups had been added i n t he  modi f i e d  sampl es .
Tabl e  5 . 2 .  Me a s ur e me nt  o f  ami no g r o u p s  i n  BSA and BSA 
modi f i e d  wi t h  added c y s t e i n e .
Number of  amino groups added per mo l e c u l e  of  pr o t e i n .  
Sample NH2 pr o t e i n  mo l e c u l e " 1 % I nc r e a s e  
BSA 61.0*
CYS6 62.4 2
CYS8 65.3 7
* L i t e r a t u r e  va l ue  (Putnam,  1975)
The r e s u l t s  s u g g e s t  t h a t  1 and 4 ami no gr oups  were  
added to sampl es  CYS6 and CYS8 r es pect  i v el y.
Tabl e  5.3.  Measurement  of  sul phydryl  groups  ( mol es  per mol e
o f  pr o t e i n)  i n BSA and BSA modi f i e d  wi t h  added c y s t e i n e .
Undenatured Denatured
Sample Z e r o t i m e  1 hr r e d u c t i o n  Zero t i m e  1 hr r e d u c t i o n  
BSA 0.66 0.66 0.67 0.67
CYS6 1.13 0.77 0.95 0.93
CYS8 0.13 0.20 0.23 0.19
The number of  s ul phydryl  groups i n c r e a s e d  by 0.48±0.04 
SH gr oups  pe r  m o l e c u l e  i n s a mp l e  CYS6 but  d e c r e a s e d  by 
0 . 9 5 ± 0 . 1 5  SH groups per mo l e c u l e  in s ampl e  CYS8.
5 . 3 . 2 .  P r o t e i n  Co nc e n t  r a t i o n
The p r o t e i n  c o n c e n t r a t i o n s  of  m o d i f i e d  s a mp l e s  we r e  
a s s e s s e d  us i ng s p e c t r o p h o t o me t r i c  d e t e r mi n a t i o n  at  280nm and 
us i ng Co o ma s s i e  B r i l l i a n t  b l u e  r e a g e n t  and i n d i c a t e d  t h a t  
al l  sampl es  cont a i ned in e xc e s s  of  98% prot e i  n.
5 . 3 . 3 .  pH T i t r a t i o n
The pH t i t r a t i o n  curves  of  c y s t e i n e  modi f i e d  sampl es  
( f i g u r e  5. 1)  i n d i c a t e d  m o d i f i e d  s a mp l e s  we r e  u n a l t e r e d  i n 
t h e i r  res ponse  to pH change.
5 . 3 . 4 .  Hydrophobi c i t y
Hydrop ho bi c i ty c h a n g e s  t h a t  o c c u r r e d  a f t e r  c y s t e i n e  
a ddi t i o n  me as ured e i t h e r  i n aqueous  s o l u t i o n  ( f i g  5 . 2 ) ,  
with 20mg l i t r e " 1 SDS ( f i g  5.3) and a f t e r  heat  de na t ur a t i o n  
( f i g  5.4)  are  shown i n Ta b l e  5. 4.  In aque ous  s o l u t i o n  
sampl es  did not  show a l i n e a r  r e l a t i o n s h i p  b e t we e n  p r o t e i n  
c o n c e n t r a t i o n  and f l u o r e s c e n c e  i n t e n s i t y  bu t  h e a t  
de na t ur a t i o n  and t h e  a d d i t i o n  of  2 Om g l i t r e -1 SDS l e d  t o  a 
l i n e a r  r e s p o n s e .  The g r a d i e n t s  of  t h e  l i n e s  a r e  g i v e n  i n  
Tabl e  5.4.
Tabl e  5 . 4 .  H y d r o p h o b i c i t y  v a l u e s  f o r  n a t i v e  BSA and BSA 
modi f i ed wi t h  added c y s t e i n e .
Hydrophobi c i t y  val ue  
Sample Aqueous s o l u t i o n  20mg l i t r e -1 SDS Heat Denatured  
BSA 2869 974 1007
CYS6 1812 1103 1003
CYS8 1879 993 1173
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In aqueous s o l u t i o n  t he  a dd i t i o n  of  c y s t e i n e  decreas ed  
hydrophobi c i t y  but  i n  t h e  p r e s e n c e  of  SDS and a f t e r  h e a t i n g  
t he r e  was no change in hyd rop hobi c i ty bet ween sampl es .
5 . 3 . 5 .  E l e c t r o p h o r e s i s
5 . 3 . 5 . 1 .  I s o e l e c t r i c  Focus i ng
The i s o e l e c t r i c  f o c u s i n g  r e s u l t s  f o l l o w i n g  c y s t e i n e  
a ddi t i o n  a r e  r e p o r t e d  i n  Ta b l e  5.5.
Tabl e 5 . 5 .  The  I s o e l e c t r i c  p o i n t  ( p i )  o f  BSA and BSA 
modi f i ed wi t h added c y s t e i n e .
Pi
Sample Major Band Range of  Product s  Minor Bands 
BSA 5.3 5. 1-5. 85 5.2 , 5.55
CVS6 5.3 5. 1-5. 85 5. 2,  5. 55,  7.0
CYS8 5.3 5 . 1- 7. 0 6.15 , 6.95 , 6.6
The ma j o r  bands  di d not  c hange  i n i s o e l e c t r i c  p o i n t  
a f t e r  t h e  a d d i t i o n  o f  c y s t e i n e ,  but  t h e  r a n g e  of  p r o d u c t s  
widened to i nc l ude  more p o s i t i v e  p r o t e i ns .
5 . 3 . 5 . 2 .  N o n - d i s s o c i a t i n g  p o l y a c r y l a mi d e  gel  el  e c t r o p h o r e s i s
N o n - d i s s o c i a t i n g  PAGE r e s u l t s  are  g i v e n  i n Ta b l e  5. 6.  
Tabl e  5. 6.  N o n - d i s s o c i a t i n g  PAGE r e s u l t s  (Rf  v a l u e s )  f o r  
BSA and BSA modi f i e d  wi t h added c y s t e i n e .
Sample Majo r Band 
BSA 0.55
CYS6 0.57
CYS8 0.58
Cy s t e i n e  m o d i f i e d  s a mp l e s  had s l i g h t l y  i n c r e a s e d  R f  
val ues  compared to n a t i v e  BSA.
5 . 3 . 5 . 3 .  D i s s o c i a t i n g  po l y a c r y l a mi de  gel  e l e c t r o p h o r e s i s
D i s s o c i a t i n g  PAGE r e s u l t s  are shown i n Tabl e 5.7.
Tabl e  5 . 7 .  R e l a t i v e  m o l e c u l a r  mass  r e s u l t s  f o r  BSA and BSA 
modi f i e d  wi t h added c y s t e i n e  (kD).
In t he  absence  of  In t he  pr e s e nc e  of
3 - mereapt oet hanol  0 - mereapt oe t hanol
Sample Main Band Minor Bands Main Band Minor Bands 
BSA 42- 50  38 + pol ymers  59- 68  53 + pol ymers
CYS6 4 1-47 3 7 + pol ymers  59- 68 53 + pol ymers
CYS8 40- 49 36 + pol ymers  57- 68  53 + pol ymers
SDS-PAGE r e s u l t s  s ugge s t e d  t ha t  t he  r e l a t i v e  mo l e c u l ar  
mass of  t he  major c o n s t i t u e n t  of  c y s t e i n e  modi f i e d  sampl es  
was r e duc e d  by 4 and 3% me a s ur e d  i n  t h e  a b s e n c e  o f  0-  
me reap to et hanol  and was e i t h e r  unchanged or r e duc e d  by 2% i n  
t he  pr e s e nc e  of  0 - me r c apt oe t hanol  i n s ampl es  CYS6 and CYS8 
res pect  i v e l y .
5 . 3 . 6 .  Funct i onal  Propert y  Te s t s
5 . 3 . 6 . 1 .  Whipping Pr o p e r t i e s
The p e r c e n t a g e  f oam e x p a n s i o n  and foam l i q u i d  
s t a b i l i t y  r e s u l t s  are  shown i n  Fi g  5 and 6.  There  was no 
change i n t h e  foam e x p a n s i o n  of  BSA a f t e r  t h e  a d d i t i o n  of  
c y s t e i n e  but foam s t a b i l i t y  was s l i g h t l y  i mpai red in s ampl e
CYS6 and t o  a g r e a t e r  d e g r e e  i n  s a mp l e  CYS8.
5 . 3 . 6 . 2 .  Emul s i on S t a b i l i t y
Emulsion s t a b i l i t y  r e s u l t s  ar e  g i v e n  i n T a b l e  5. 8.  
There was l i t t l e  c ha ng e  i n t h e  s t a b i l i t y  o f  e m u l s i o n s  made 
wi t h n a t i v e  BSA or wi t h t h e s e  modi f i ed sampl es .
Tabl e  5 . 8 .  Emu l s i o n  s t a b i l i t y  a f t e r  c e n t r i f u g a t i o n  and 
s t o r a g e  o f  n a t i v e  BSA and BSA m o d i f i e d  s a mp l e s  w i t h  added  
c y s t e i n e  c o n t a i n i n g  0.25% (w/ w)  pr o t e i n .
% Creaming
Sto rag e
Samples 0 2 weeks 4 weeks
BSA 0 41 41 34
CYS6 0 43 43 34
CYS8 0 40 41 34
Ce n t r i f u g a t i o n
5 . 3 . 6 . 3 .  Emul s i on d r o p l e t  s i z e
Emul si on d r o p l e t  s i z i n g  w a s  c a r r i e d  o u t  
mi c r o s c o p i c a l l y  and t he  r e s u l t s  are  shown i n Ta bl e  5.9.  
Tabl e  5 . 9 .  D r o p l e t  s i z e  o f  e m u l s i o n s  made w i t h  n a t i v e  BSA 
and BSA modi f i e d  wi t h  added c y s t e i n e  c o n t a i n i n g  0.25% (w/w)  
p r o t e i  n.
Samples Dr opl e t  s i z e  ( y)
BSA 2.1 9±0.4 5
CYS6 1. 93±0. 3 2
CYS8 2.3 9±0 . 51
The r e s u l t s  from d r o p l e t  s i z i n g  and e mul s i on s t a b i l i t y  
measurements  do not  c o r r e l a t e ,  h o we v e r  t h e  d i f f e r e n c e s  may
135
not  be g r e a t  enough t o  w a r r a n t  f i r m c o n c l u s i o n s .
5 . 3 . 6 . 4 .  Thermal  p r o p e r t i e s
Aqueous 8% (w/w)  p r o t e i n  s o l u t i o n s  g e l l e d  accordi ng to  
Howell  and L a w r i e  ( 1 9 8 5 )  and e x a m i n e d  by t h e  I n s t r o n  
uni ve r s a l  t e s t i n g  e q u i p me n t  pr oduc e d  t h e  r e s u l t s  shown i n  
Tabl e 5. 10.
Tabl e  5 . 10 .  Gel  S t r e n g t h s  o f  BSA and BSA m o d i f i e d  w i t h  added 
c y s t e i  ne.
Sample Gel s t r e n g t h  Co he s i v e ne s s  Breaki ng
Compression (g)  (mm) St rengt h
at  6mm at  12mm (g)
BSA 140+66 
UFBSA 1 5±4
CYS6 0
CYS8 0
1 20  8±2 61 
1209±3 70
10.3±0.4 123 8±793
9 . 7±0.4 9 7±2 7
Did not break 
Did not break
The g e l s  formed from s ampl es  wi t h added c y s t e i n e  did 
not break on c o m p r e s s i o n  and we r e  more c o h e s i v e  t ha n  bot h  
t he  BSA and t he  u l t r a f i 1 t e r e d  BSA c o nt r o l  g e l s  which broke.  
Cy s t e i n e  mo d i f i c a t i o n  i n c r e a s e d  gel  s t r e n g t h  compared to t he  
u l t r a f i l t e r e d  c o n t r o l  s a mp l e  but  t h e  g e l s  we r e  not  as f i r m  
as t he  na t i v e  BSA sampl e.
5 . 4 .  Di s c u s s i o n
5 . 4 . 1 .  Ext ent  of  Mo d i f i c a t i o n
The ext e nt  of  m o d i f i c a t i o n  was measured in t h r e e  ways  
by t h e  number o f  c y s t e i n e  r e s i d u e s  me a s ur e d  by ami no a c i d
a n a l y s i s ,  t h e  i n c r e a s e  i n t h e  number of  ami no g r o ups  and t h e  
changes in t he  number of  sul phydryl  groups.  The i n c r e a s e  in 
c y s t e i n e  as me as ur e d  by ami no a c i d  a n a l y s i s  may have  been  
reduced s i n c e  c y s t e i n e  i s  known t o d e c o mp o s e  on h y d r o l y s i s  
( Pe t e r s ,  1 9 85)  and t h e r e f o r e  may n o t  be  a c c u r a t e l y  
recovered.  However i n t h e s e  s ampl es  an i n c r e a s e  11 and 18% 
corres po  ndi ng t o  0. 07 and 0. 12 c y s t e i n e  r e s i d u e s  i n s a mp l e s  
CYS6 and CYS8 r e s p e c t i v e l y  was s hown.  Thi s  was c a l i b r a t e d  
on t h e  b a s i s  o f  0 . 6 8  c y s t e i n e  r e s i d u e s  pe r  m o l e c u l e  i n  
na t i v e  BSA.
An a l t e r n a t i v e  met hod f o r  t h e  me a s u r e me n t  o f  t h e  
ext ent  o f  t h e  r e a c t i o n  na me l y  by t h e  number o f  added ami no  
groups i n d i c a t e d  t h a t  c y s t e i n e  was  a t t a c h e d  v i a  e i t h e r  an 
aci d or a f r e e  s ul phydryl  group or d i s u l p h i d e ,  thus  expos i ng  
t he  ami no group f o r  me a s u r e me n t .  Th i s  o c c u r r e d  i n  bot h  
sampl es  as shown by t h e  a d d i t i o n  o f  1 and 4 ami no g r o ups  per  
mol e c u l e  i n s ampl es  CYS6 and CYS8 r es pect  i v el y.  Ana l y s i s  of  
t he  ami no  g r o u p s  s u g g e s t e d  t h a t  a g r e a t e r  d e g r e e  o f  
mo d i f i c a t i o n  was  a c h e i v e d  i n  s a mp l e  CYS8 t ha n  i n s a mp l e  
CYS6. Thi s  may be e v i d e n c e  t h a t  c y s t e i n e  b r e a k s  e x i s t i n g  
di s ul phi de  bonds  i n  t h e  p r o t e i n  and a t t a c h e s  v i a  new SS 
bonds as woul d be e x p e c t e d  t o  o c c u r  i n  t h e  p r e s e n c e  o f  a 
denat urant  (Means and Feeney 19 77).  Moveover,  t he  r e duc t i on  
of  d i s u l p h i d e  bonds  by c y s t e i n e  i s  e x p e c t e d  t o  be more  
f a v o ur a bl e  at  a l k a l i n e  pH ( Cec i l  and McPhee,  19 59) and would 
be expect ed to occur  in s ampl e  CYS8.
An i n c r e a s e  i n  t h e  number of  f r e e  s u l p h y d r y l  g r o ups  
measured i n d i c a t e d  e i t h e r  t h a t  c y s t e i n e  r e s i d u e s  a t t a c h e d  
through t h e  ami no or a c i d  g r o up ,  or t h a t  t h e  s a mp l e  was  
impure and c o n t a i n e d  f r e e  ami no a c i d s .  Thi s  i n c r e a s e
occurred i n s a mp l e  C Y S 6.  A d e c r e a s e  i n t h e  number of  f r e e  
s ul phydryl  groups i n d i c a t e d  t ha t  f r e e  c y s t e i n e  was bound to 
t he  onl y f r e e  c y s t e i n e  r e s i du e  in BSA v i a  a d i s u l p h i d e  bond.  
The bi ndi ng of  c y s t e i n e  to t he  f r e e  c y s t e i n e  r e s i du e  (34) of  
BSA has been shown t o  o c c ur  by P e t e r s  ( 1985) .  T h i s  b i n d i n g  
may have  o c c u r r e d  i n s a m p l e  CYS8.  Al t h o ug h  t h e r e  was some  
v a r i a t i o n  i n t h e  s u l p h y d r y l  r e s u l t s ,  d e p e n d i n g  on e x a c t l y  
how t h e y  we r e  me a s u r e d ,  on a v e r a g e  0 . 95±0 . 15  m o l e c u l e s  o f  
c y s t e i n e  we r e  i n c o r p o r a t e d  i n  s a mp l e  CYS6 and 0.4 8± 0. 0 4 
mol e cul e s  of  c y s t e i n e  were bl ocked in sampl e  CYS8. Edwards  
(1969)  showed t hat  t he  r e a c t i v i t y  of  t he  c y s t e i n e  r e s i due  in 
BSA to L - c y s t e i n e  was maximal  at  pH 8.1 but n e g l i g i b l e  bel ow 
pH 7.
In c o n c l u s i o n  c y s t e i n e  was added to both sampl es  to a 
minor e x t e n t ,  mos t  p r o b a b l y  o n l y  one t o  4 m o l e c u l e s  o f  
c y s t e i n e  pe r  mo l e c u l  e o f  BSA. The a t t a c h m e n t ,  h o we v e r ,  may 
have o c c u r r e d  at  d i f f e r e n t  p o s i t i o n s  on t h e  m o l e c u l e  f o r  
CYS6 and CYS8. I t  s e e ms  l i k e l y  t h a t  at  pH 8 c y s t e i n e  
coupl ed wi t h  t h e  f r e e  c y s t e i n e  r e s i d u e  number 34 i n one  
mol e c ul e  o u t  o f  t w o ,  and 1 t o  4 m o l e c u l e s  o f  c y s t e i n e  
at t ached t o  t h e  BSA m o l e c u l e s  i n some o t h e r  way whi c h  may 
have i nc l uded t he  r e duc t i o n  of  d i s u l p h i d e  bonds.  In c o n t r a s t  
t he  r e a c t i o n  at  pH 6 r e s u l t e d  in at t achment  of  a l l  c y s t e i n e  
r e s i d u e s  not onl y at  t he  c y s t e i n e  r e s i due  number 34,  but at 
some o t her  s i t e  t h a t  l e f t  t he  s ul phydryl  group f r e e  for  
r eact  i on wi t h D TNB.
S i m i l a r i l y ,  Hi r d  ( 1 9 6 2 )  e x a m i n e d  t h e  a b i l i t y  o f  
reduced g l u t a t h i o n e  (a t r i p e p t i d e  c o n t a i n i n g  c y s t e i n e )  t o  
react  wi th t h e  di  s u l p h i d e s  i n  BSA i n t h e  n a t i v e  s t a t e  b e f o r e  
and a f t e r  a p a r t i a l  d i g e s t i o n .  At r e duc e d  g l u t a t h i o n e  
c o n c e n t r a t i o n s  f rom 0. 17 t o  0.017% o n l y  0 . 4 - 0 . 5 y m o l e  of  a
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di s ul phi de  react ed c orres po  ndi ng to 0.6 t h i o l  groups in BSA. 
Af t e r  a r e a c t i o n  t i m e  o f  6 hours  t h e r e  was a s l i g h t  i n c r e a s e  
measured wh i c h  was  t h o u g h t  t o  be  e v i d e n c e  o f  a s l o w  
reduc t i on of  d i s u l p h i d e  groups or to a c onf or mat i ona l  change  
i n t h e  m o l e c u l e .  A f t e r  p a r t i a l  h y d r o l y s i s  t h e r e  was  a 
marked i n c r e a s e  in d i s u l p h i d e  r educt i on by g l u t a t h i o n e .
5 . 4*2.  pH T i t r a t i o n
The s i m i l a r i t y  of  pH t i t r a t i o n  c u r v e s  of  n a t i v e  BSA 
and c y s t e i n e  modi f i e d  sampl es  i n d i c a t e d  t h a t  t he  e x t e nt  of  
mo d i f i c a t i o n  was t o o  s m a l l  and t h e  a s s a y  t o o  c r u d e  t o  p i c k  
up t h e  s m a l l  number  o f  a d d e d  a mi no  and a c i d  g r o u p s .  
Furt her ,  t he  b u f f e r i n g  c a p a c i t y  of  BSA may have masked t h i s  
smal l  degree  of  change.
5 . 4 . 3 .  Hydrophobi c i t y
Cy s t e i ne  m o d i f i c a t i o n  t o  t h i s  d e g r e e  c a us e d  l i t t l e  
change in t he  r e l a t i v e  hydr ophobi c i t y  of  BSA.
5 . 4 . 4 .  E l e c t r o p h o r e s i s
5 . 4 . 4 . 1 .  I s o e l e c t r i c  f o c u s i n g
I s o e l e c t r i c  f o c u s i n g  r e s u l t s  s u g g e s t e d  t h a t  t h e  p i ' s  
of  some pr o t e i ns  i n t he  modi f i e d  sampl e  were s l i g h t l y  more 
p o s i t i v e  t ha n  i n n a t i v e  BSA.
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5 . 4 . 4 . 2 .  N o n - d i s s o c i a t i n g  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s
The c ombi nat i on of  changes  in r e l a t i v e  mol e c ul ar  mass  
and o v e r a l l  p r o t e i n  charge  f o l l o w i n g  mo d i f i c a t i o n  r e s u l t e d  
in an i n c r e a s e  in m o b i l i t y  o f  4 and 5% i n s a mp l e s  CYS6 and 
CYS8 r e s p e c t i v e l y  w h i c h  s u g g e s t s  a f a i r l y  e x t e n s i v e  
mo d i f i c a t i o n  and/ or  an i n c r e a s e  in n e g a t i v e  charge ,  both of  
which have not been s u b s t a n t i a t e d  by t he  o t he r  methods.
D i s s o c i a t i n g  PAGE r e s u l t s  ar e  d i f f i c u l t  t o  i n t e r p r e t ,  
as t he y  show t h e  m o b i l i t y  of  m o d i f i e d  s a mp l e s  was  e i t h e r  
unchanged or  s l i g h t l y  d e c r e a s e d .  Thi s  method may not  be  
s e n s i t i v e  enough t o  i d e n t i f y  s ma l l  i n c r e a s e s  i n m o l e c u l a r  
wei ght  r e s u l t i n g  from t he  a dd i t i o n  of  1 mo l e c u l e  of  c y s t e i n e  
per p r o t e i n  m o l e c u l e ,  and doe s  not  s u p p o r t  t h e  t h e o r y  t h a t  
c y s t e i n e  b r e a k s  e x i s t i n g  d i s u l p h i d e  b o n d s  t o  a t t a c h  
coval  e nt l y .
5 . 4 . 5 .  Funct i onal  pr ope r t y  t e s t s
5 . 4 . 5 . 1 .  Whipping p r o p e r t i e s
The wh i p p i n g  p r o p e r t i e s  of  m o d i f i e d  s a m p l e s  we r e  
s i mi l a r  t o  t h o s e  o f  n a t i v e  BSA.  I t  may be  c o n c l u d e d ,  
t he r e  fo re,  t h a t  t h e  s u l p h y d r y l  group may not  be i m p o r t a n t  i n  
t he  f o a mi n g  o f  BSA,  s i n c e  n e i t h e r  t h e  a d d i t i o n  nor t h e  
bl oc ki ng  o f  s u l p h y d r y l  g r o u p s  a f f e c t e d  t h e  w h i p p i n g  
p r o p e r t i e s .  In c o n t r a s t  To erf a l . ( 1985)  f ound an i n c r e a s e  
in t h e  p e r c e n t a g e  o v e r r u n  i n egg  w h i t e  a f t e r  t h e  a d d i t i o n  o f  
c y s t e i n e .  However ,  t h e  u n r e a c t e d  c y s t e i n e  was not  removed  
and t h e r e f o r e  t h i s  r e s u l t  was probabl y due to t he  pr e s e nc e  
of  f r e e  s ma l l  m o l e c u l e s  wh i c h ,  as shown w i t h  s u c c i n y l a t e d
140
p r o t e i ns  ( s e c t i o n  3 . 4 . 8 . 1 . ) ,  m a r k e d l y  i n c r e a s e d  foam 
expans i on.  J o n e s  and C a r n e g i e  ( 1 9 7 1 )  m e a s u r e d  t h e  
i nco rpor at i on of  r a d i o a c t i v e  g l u t a t h i o n e  d u r i n g  t h e  dough 
mi xi ng p r o c e s s  a n d  i n d i c a t e d  a h i g h  d e g r e e  o f  
di sul p hid e / s  ul p hyd ryl  i n t e r c h a n g e  t ook p l a c e  d u r i n g  t h i s  
procedure ,  thus  t he  pr e s e nc e  of  f r e e  c y s t e i n e  i n t he  mi xi ng  
bowl duri ng whi ppi ng woul d be l i k e l y  to i n t e r a c t  in t he  same 
way.
5 . 4 . 5 . 2 .  Thermal  p r o p e r t i e s
A l t e r a t i o n  of  t h e  number of  f r e e  s u l p h y d r y l  g r o u p s  had 
a major a f f e c t  on t he  g e l l i n g  p r o p e r t i e s  of  BSA. Gel s  formed 
from CYS6 and CYS8 we r e  1 e s s  s t r o n g  t ha n  n a t i v e  BSA and we r e  
l e s s  b r i t t l e  but  more c o h e s i v e .  However ,  t h e  g e l s  we r e  
s t r o n g e r  t ha n  t h o s e  made w i t h  t h e  u l t r a f i l t e r e d  c o n t r o l .  
Hospel horn and J e n s o n  ( 19 5 3 ) e x a m i n e d  t h e  e f f e c t  o f  
modi f yi ng t he  s ul phydryl  group i n BSA on g e l l i n g  p r o p e r t i e s .  
They pr o po s e d  t h a t  t h e  f r e e  s u l p h y d r y l  gr oups  p r o mo t e  
l a t e r a l  a s s o c i a t i o n  bet ween p r o t e i n  chai ns  t hereby enhanci ng  
t he  r a t e  of  ge l  f o r m a t i o n .  However ,  t h e  a s s o c i a t i o n  o f  
s ul p hyd r y l - f  r ee a l b u mi n  t o o k  p l a c e  more s l o w l y  t ha n  t h e  
s ul phyd r y l - c o n t a i  ni ng a l bumi n,  but t he  aggr e gat e  formed was 
more v i s c o u s  i n t h e  fo rme r. S u 1 p hyd ry 1 - f r e e a l b u mi n  was  
obt a i ned by t r e a t me nt  wi t h  i o do a c e t a mi de  but may be compared 
to sampl e  CYS8 where t he  f r e e  sul phydryl  group react ed wi t h  
c y s t e i n e  t o form c y s t i n e .  The f r e e  s u l p h y d r y l  gr oups  i n  
sample CYS6 produced t he  l e a s t  b r i t t l e  g e l ,  probabl y due to 
a gr e a t e r  degree  of  c r os s  l i n k i n g .
In mo r e  r e c e n t  y e a r s  c y s t e i n e  a d d i t i o n  h a s  b e e n  u s e d
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to mo d i f y  t h e  p r o p e r t i e s  of  egg w h i t e  (To et_ a 1 . 19 85) and 
r e s u l t e d  i n  d e c r e a s e d  g e l  s t r e n g t h  at  many l e v e l s  o f  
addi t i on.  Howel l  and L a w r i e  ( 1985)  a l s o  s howed t h a t  t h e  
a ddi t i on  o f  c y s t e i n e  t o  p l a s ma  and egg  p r o t e i n  g e l s ,  
r e s u l t e d  i n  d e c r e a s e d  g e l  s t r e n g t h  i n  mo s t  s a m p l e s .  
However,  b o t h  t h e  l a t t e r  s t u d i e s  w e r e  c a r r i e d  o u t  on 
unpur i f i e d  m o d i f i e d  s a mp l e s .  Thus ,  t h e  p r e s e n c e  of  f r e e  
c y s t e i n e  may be i m p o r t a n t  i n  SS-SH i n t e r c h a n g e  as has been  
shown i n dough d e v e l  opment .  Sc hmi dt  _et_ a l . ( 19 78) showed  
t ha t  low l e v e l s  (25mM) of  c y s t e i n e  improved t he  gel  s t r e ng t h  
of  whey p r o t e i n  c o n c e n t r a t e s  but  t h a t  i n c r e a s e d  l e v e l s  
markedly reduced g e l l i n g  p r o p e r t i e s .
I t  has  b e e n  r e p o r t e d  t h a t  BSA f o r m s  g e l s  i n  t h e  
pr es ence  of  high c o n c e n t r a t i o n s  of  g uani di ne  and urea (Ceci l  
and McPhee,  1959).  The f a c t  t hat  t he  pr e s e nc e  of  denat urant s  
was requi red s u g g e s t s  t h a t  some degree  of  unf o l d i ng  was 
neces s ary .  In a d d i t i o n ,  g e l a t i o n  was i n h i b i t e d  by usual  SH 
reagent s  and t h e r e f o r e  gel  f or mat i on  was a t t r i b u t e d  to t he  
i n t e r a c t i o n s  of  SH and SS groups.  Fr a t e r  (1971)  showed t hat  
t he  r e s i s t a n c e  of  dough to mi xi ng and s t r e t c h i n g  was a 
f u n c t i o n  of  t he  number of  d i s u l p h i d e  bonds.  Removal  of  f r e e  
s ul phydryl  groups wi t h o x i d i s i n g  agent s  i n c r e a s e d  t he  
r e s i s t a n c e ,  by r e s t r i c t i n g  t he  exchange r e a c t i o n s ,  whereas  
c y s t e i n e  a dd i t i o n  was shown to reduce dough s t r e n g t h .
5 . 5 .  Conc l us i on
The a d d i t i o n  of  c y s t e i n e  a t  a l k a l i n e  pH r e s u l t e d  i n 
t he  bl ocki ng  of  t he  f r e e  s ul phydryl  group in BSA by coupl i ' ng.  
of  t h e  added c y s t e i n e  t o  t h e  f r e e  c y s t e i n e  r e s i d u e  in BSA.
The degree  to which d i s u l p h i d e s  were broken was thought  to 
be minimal  e s p e c i a l l y  at aci d pH. The f u nc t i o n a l  p r o p e r t i e s  
of  bot h CYS6 and CYS8 we r e  not  g r e a t l y  a l t e r e d  f rom t h o s e o f  
BSA but t he  g e l l i n g  and whi ppi ng p r o p e r t i e s  were i nc r e as e d  
compared t o t he  u l t r a f i l t e r e d  BSA c o nt r o l .  The a s s o c i a t i o n  
of  mol e c ul e s  v i a  s ul phydryl  groups would have been expect ed  
t o d e c r e a s e  i n sampl  e CYS8 due  t o  t h e  bl  o c k i n g  of  s u l phy d  ryl  
groups wh e r e a s  t h e  a d d i t i o n  o f  s u l p h y d r y l  gr oups  i n  s a mp l e  
CYS6 s h o u l d  i n c r e a s e  a s s o c i a t i o n .  I t  may be t h a t  t h e  f r e e  
sul phydryl  group was b l o c k e d  i n s a mp l e  CYS6 but  was not  
de t e c t e d  because  of  t he  i n c r e a s e  in c y s t e i n e  which was f r e e  
or bound at  o t h e r  s i t e s .  I t  may be c o n c l u d e d  t h a t  ge l  
f ormat i on do e s  not  o c c ur  p r i m a r i l y  v i a  t h e  f r e e  s u l p h y d r y l  
group i n BSA. This f i n d i n g  was  i n v e s t i g a t e d  f u r t h e r  i 
C h a p t e r  6.
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6 . lo I n t  roduc  t  i o n
N - acet yl  homocys t e i ne  t h i o l a c t o n e  r e a c t s  w i t h  ami no  
groups formi ng a new p e pt i de  bond and g e ne r at i ng  a t ermi nal  
sul phydryl  group.  Thi ol  at  ion of  amines  and amino ac i ds  was 
f i r s t  d e s c r i b e d  by B e n e s c h  and B e n e s c h  ( 1 9 5 6 )  but  
a p p l i c a t i o n  of  t h e  r e a c t i o n  t o  p r o t e i n s  was l i m i t e d  by t h e  
f a c t  t ha t  a r e l a t i v e l y  high pH and l ong r e a c t i o n  t i me s  were  
requi red.  Benesch and Benesch (1958) d i s c o v e r e d  t hat  in the  
pr es ence  o f  s i l v e r  i o n s ,  t h i o l a t i o n  p r o c e e d e d  r a p i d l y  at  
room t e mpe r at ur e  at  pH 7.5.  The s i l v e r  i ons  react ed wi t h t he  
N- ace t y l  h o m o c y s t e i n e  t h i o l a c t o n e  t o form an i n s o l u b l e  
complex which they p o s t u l a t e d  react ed wi t h t he  pr o t e i n  amino 
group.  The s e  wo r ke r s  a p p l i e d  t h i s  r e a c t i o n  to g e l a t i n  and 
examined t h e  e f f e c t  of  t h i o l a t i o n  on t h e  i s o e l e c t r i c  p o i n t ,
u. v s p e c t r u m and g e l a t i o n  p r o p e r t i e s .  Ce c i l  and McPhee  
( 1963) d i s c o v e r e d  t ha t  t he  i n s o l u b l e  complex formed bet ween  
s i l v e r  and N - a c e t y l h o m o c y s t e i n e  t h i o l a c t o n e  di d not  r e a c t  
wi t h ami no g r o ups  but  t h a t  a s o l u b l e  m e r c a p t i d e  was  t he  
react  i v e a g e nt .
The equat i on f o r  t he  r e a c t i o n  i s  g i ven below
ch3 - c- nh H SH
0 C
p - nh2 HoC^ \ * °
\ i 
h2c—  s
p - nh~c - ch- nh- c~ch3
0
I!
0
BSA + N- a c e t y l h o mo c y s t e i n e  
t h i o l  ac t one
t h i o l  ated BSA
The t h i o l a c t o n e  r e a c t s  w i t h  t h e  ami no group i n a 
s i mi l a r  way to s u c c i n i c  anhydri de  in t hat  the ri ng s t r u c t u r e  
i s  br oke n  and t h e  ami no gr oup i s  a c y l a t e d  t o  form t h e
pept i de  bond.  H o w e v e r , t h e  r e s u l t  o f  t h i o l a t i o n  i s  t h e  
bl ocki ng  o f  t h e  ami no group and t h e  g e n e r a t i o n  o f  a t e r mi n a l  
sul phydryl  gr oup as oppos e d  t o  t h e  t e r mi n a l  a c i d  group  
brought  about  by s u c c i n y l a t i o n .  Abadi  and Wi l c o x  ( 1960)  
comp a red t h e  r e a c t i o n s  of  acyl  a t i  on wi t h  a c e t i c  a nhyd r i d e ,  
gua ni d i na t i o n  and t h i o l a t i o n  of  c h y m o t r y p s i n  i n o r d e r  t o  
e s t a b l i s h  t h e  e x p e r i m e n t a l  c o n d i t i o n s  i n  whi c h o n l y  t h e  
s i n g l e  a - a mi n o  group was a c y l a t e d .  T h i o l a t i o n  o f  BSA was  
used by S i n g e r  _et_ 3_Ijl  ( I 9 6 0 )  i n  o r d e r  t o  i s o l a t e  p u r e  
a nt i bo d i e s  a g a i n s t  p r o t e i n  a n t i g e n s ,  Be ne s c h  and Benes ch  
( 19 62) d e s c r i b e d  t h e  t h i o l a t i o n  of  BSA, o v a l b u mi n  and 
t ropomyos i n.  V i r p a s h a  and T a r v e r  ( 1 9 6 4 )  e x a m i n e d  t h e  
a c t i v i t y  of  t h i o l a t e d  i n s u l i n .  However ,  i n v e s t i g a t i o n  of  
t he  f unc t i o na l  p r o p e r t i e s  of  t h i o l a t e d  p r o t e i ns  i s  l a c k i n g ,  
al though B e n e s c h  and B e n e s c h  ( 1 9 6 2 )  i n d i c a t e d  t h a t  
t h i o l a t i o n  o f  BSA i n c o r p o r a t i n g  19 SH gr oups  r e s u l t e d  i n  a 
more v i s c o u s  s o l u t i o n  t han t he  parent  compound.
As s u l p h y d r y l  g r o ups  p l a y  an i mp o r t a n t  r o l e  i n t h e  
f unc t i ona l  p r o p e r t i e s  of  p r o t e i n s  ( Ce c i l  and McPhee,  1959)  
t he  aim of  t h i s  mo d i f i c a t i o n  was to i n c r e a s e  t he  s ul phydryl  
c ont e nt  of  BSA and t o  e x a mi n e  any r e s u l t a n t  c h a n g e s  in t h e  
phys i cochemi ca l  or f u n c t i o n a l  p r o p e r t i e s .
6»2.  Methods
6 . 2 . 1 o  Th i o l a t i o n  procedure
Th i o l a t i o n  was c a r r i e d  out  accordi ng to t he  method of  
Benesch and Benesch (1958) .  N- ace t y l  homoc ys t e i ne  t h i o l a c t o n e  
( 2 . 9g)  was  d i s s o l v e d  i n 5 00ml  of  a 2.5% ( w/ v )  BSA s o l u t i o n
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at pH 7.5.  A l t e r n a t e  i ncrement s  of t he  s i l v e r  n i t r a t e  (1M) 
and sodium hydroxi de  were added to mai nt a i n t he  r e a c t i o n  at  
pH 7.5.  Two l e v e l s  of  a dd i t i o n  were achi eved.  Sample THI 1 
was pr e pa r e d  by t h e  a d d i t i o n  o f  18 ml o f  s i l v e r  n i t r a t e  
s o l u t i o n  and a r e a c t i o n  t i me  of  1 day wh e r e a s  THI 2 was  
produced u s i n g  9 ml o f  s i l v e r  n i t r a t e  s o l u t i o n  and a 
r e a c t i o n  t i me  of  4 days.  Re s u l t ant  pr e par at i ons  from t h e s e  
two t r e a t m e n t s  we r e  d e n o t e d  THI 1 and THI 2 r e s p e c t i v e l y .  
The modi f i ed s ampl es  were p u r i f i e d  by d i a f i l t r a t i o n  a g a i n s t  
at l e a s t  101 d i s t i l l e d  wat er  in an u l t r a f i l t r a t i o n  uni t  and 
recovered by f r eez e-d ry i ng.
The e x t e n t  of  t h e  r e a c t i o n  was a s s e s s e d  bot h by t h e  
i n c r e a s e  i n s u l p h y d r y l  groups  and t h e  d e c r e a s e  i n ami no  
groups.  In a d d i t i o n  t h e  p h y s i c o c h e m i c a l  and f u n c t i o n a l  
p r o p e r t i e s  o f  t h i o l a t e d  BSA we r e  compared t o  t h o s e  o f  t h e  
n a t i v e  pr ot e i n .
6 . 3 .  R e s u l t s
6 . 3 . 1 .  Ext ent  of  r e a c t i o n
The e x t e n t  of  t h e  a d d i t i o n  of  s u l p h y d r y l  g r o ups  was  
measured by t h e  r e a c t i o n  w i t h  DTNB a c c o r d i n g  t o  S e c t i o n  
2 . 3 . 2  i n t h e  p r e s e n c e  and a b s e n c e  of  t he  d e n a t u r a n t  Gu-HCl  
(Tabl e 6 . 1 . )
Samples  Mol es  of  sul phydryl  groups per mol e of  pr o t e i n .
Undenatured Denatured
Control  Under N2 Control  Under N2
BSA 0.49 0.56 0.30 0.23
THI 1 1. 34 4. 98 6. 98 15.03
THI 2 2.  29 5.36 5.1 1 10.61
The p e r c e n t a g e  i n c r e a s e s  i n  s u l p h y d r y l  g r o u p s  
t h e r e f o r e  v a r i e d  f rom a 273- 6535% i n c r e a s e  ( 0 . 9 - 1 4 . 8  SH 
groups)  i n s ampl e  THI 1 and from 467-461 3% ( 1. 8- 10. 4 groups)  
in sampl e  THI 2 dependi ng on t he  c o n d i t i o n s  of  measurement .  
However,  i n t h e  n a t i v e  s t a t e  THI 2 was  more e x t e n s i v e l y  
modi f i ed t han THI 1 and i n  t h e  d e n a t u r e d  s t a t e  THI 1 was  
more e x t e n s i v e l y  modi f i e d  than THI 2.
The e x t e n t  o f  t h e  r e a c t i o n  was a l s o  me as ur e d  by t h e  
d e c r e a s e  i n  t h e  number of  ami no gr oups  by t h e  n i n h y d r i n  
r e a c t i o n  whi c h  was 34 and 26% l o w e r  t han BSA i n d i c a t i n g  t h a t  
21 and 16 ami no g r o u p s  we r e  b l o c k e d .  Th e s e  r e s u l t s  ar e  i n  
t he  s a me  r a t i o s  as  t h e  e x t e n t  o f  s u l p h y d r y l  a d d i t i o n  
measured under de na t ur a t i ng  c o n d i t i o n s  but are hi gher .  Thi s  
may be due to t he  pr e s e nc e  of  guani di ne  h y dr o c h i o r i de  which 
was shown t o  i n t e r f e r e  w i t h  c o l o u r  p r o d u c t i o n  ( s e c t i o n
3 . 3 . 2 . 2 ) .  '
T a b l e  6 . 1 .  M e a s u r e m e n t  o f  s u l p h y d r y l  g r o u p s  i n  n a t i v e  and
t h i  o l a t e d  BSA
6 . 3 . 2 .  Pr o t e i n  c o n c e n t r a t i o n
The p r o t e i n  c o n t e n t  of  t h e  t h i o l a t e d  s a m p l e s  was  
measured by s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  at  2 8 0 n m and 
wi th Coomass i e  bl ue.  S p e c t r o pho t o me t r i c  d e t e r mi n a t i o n  wi t h  
Coomass i e  b l u e  i n d i c a t e d  t h a t  t h e  s a mp l e s  we r e  80 and 90%
154
p r o t e i n  i n s a mp l e s  THI 1 and THI 2 r e s p e c t i v e l y  but  t he  
r e s u l t s  of  pr o t e i n  d e t e r mi n a t i o n  at 2 8 0 nm were 174 and 159% 
hi gher  t han t h e  v a l u e  f o r  BSA.
6.3.3. pH Titration
The pH t i t r a t i o n  c u r v e s  f o r  n a t i v e  and t h i o l a t e d  BSA 
are g i v e n  i n f i g u r e  6.1 and show a s l i g h t  change  f rom t h e  
BSA c o n t r o l  at  pH 5 - 6  whi c h c o r r e l a t e d  w i t h  t h e  d e g r e e  o f  
mo d i f i c a t i o n  as measured by amino group addi t i on .
6.3.4. Hydrophobicity
Hyd rop ho bi c i ty was  m e a s u r e d  i n  e i t h e r  t h e  n a t i v e  
s t a t e ,  a f t e r  10 min i n a b o i l i n g  wa t e r  bat h or  i n  t h e  
pr e s e nc e  of  2 0mg l i t r e -1 SDS and t h e  r e l a t i o n s h i p s  b e t we e n  
f l u o r e s c e n c e  i n t e n s i t y  and p r o t e i n  c o n c e n t r a t i o n  ar e  shown  
in f i g s  6 . 2 - 6 . 4  r e s p e c t i v e l y .  The g r a d i e n t s  of  t h e  l i n e s  
p l o t t e d  ar e  g i v e n  i n Ta b l e  6 . 2 .
Table 6.2 Hydrophobicity results measured in native and 
thiolated BSA
Hydrophobi c i t y  va l ue s  
Samples Undenatured 20mg l i t r e -1 SDS Heat  
BSA 1661 683 1395
THI 1 573 267 568
THI 2 1491 473 1356
The hydrop h o b i c i t y  r e s u l t s  f o l l o we d  t he  same pat t e r n  
as t he  e x t e nt  of mo d i f i c a t i o n  as measured by t he  de c r e a s e  in 
amino groups ,  i n d i c a t i n g  t ha t  BSA was t he  most hydrophobi c  
and t hat  p r o g r e s s i v e  t h i o l a t i o n  decreas ed hydr ophobi c i t y .
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6 . 3 . 5 .  E l e c t r o p h o r e s i s
6 . 3 . 5 . 1 .  I s o e l e c t r i c  f o c u s i n g
The r e s u l t s  of  i s o e l e c t r i c  f o c u s i n g  e x p e r i m e n t s  are  
gi ven i n Ta b l e  6. 3.
Tabl e  6. 3.  I s o e l e c t r i c  p o i n t  d e t e r m i n a t i o n  o f  n a t i v e  and 
t h i o l a t e d  BSA
Pi
S amples  
BSA 
THI 1 
THI 2
Range 
4 . 4 - 5 . 2
4 . 3 - 5 . 3
4 . 4 - 5 . 3
Main bands  
4. 45  , 4.6 5,  5.0
4.3 0 , 4.5 5 , 4. 85
4 . 4 ,  4 . 65 ,  5.0
s i  i g h 1 1 y
The t h i o l a t e d  s ampl es  had/slower pi va l ues  than t he  
s amp l e  of  BSA and t h e  d e c r e a s e s  i n  t h e  mai n bands  f o l l o w e d  
t he  ex t e nt  of  t he  mo d i f i c a t i o n  as measured by t he  de c r e a s e  
in amino groups.  T h e r e  was  a t r e n d  t h e r e f o r e  f o r t hi  ol at  i on tc  
pr o duc e  pr o t e i ns  wi t h a h i gher  o v e r a l l  ne g a t i v e  charge.  The range  
of  product s  a l so  i nc r e as e d  wi t h t he  e x t e nt  of  mo d i f i c a t i o n  
wi t h a g r e a t e r  range of  p o s i t i v e  and n e g a t i v e  product s .
There was e v i de nc e  of  some de na t ur a t i o n  in t he  e x t e n s i v e l y  
modi f i e d  s a mp l e  THI 1.
6.  3 . 5 . 2 .  N o n - d i s s o c i a t i n g  d i s c o n t i n o u s  p o l y a c r y l a m i d e  ge l  
e l e c t r o p h o r e s i s  ( Na t i v e  PAGE)
The n a t i v e  PAGE r e s u l t s  a r e  g i v e n  i n  T a b l e  6. 4.
1 5 6
Rf Val ues
Samples Major Bands Minor bands
BSA 0.5 8- 0.6 0 0 . 35- 0. 38
THI I 0 . 59- 0. 65 0 . 36- 0 . 39 ,  0-0. 16
THI 2 0.5 8- 0.6 4 0 . 35- 0 . 38
Th i o l a t i o n  r e s u l t e d  i n  an i n c r e a s e  i n  m o b i l i t y  o f  5
and 3% of  t h e  m a j o r  bands  i n  s a m p l e s  THI 1 and THI 2
r e s p e c t i  v e i y .
6 . 3 . 5 . 3 .  D i s s o c i a t i n g  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  
(SDS-PAGE)
The r e s u l t s  of  SDS-PAGE are  shown i n  Ta b l e  6. 5.  The
major band i n  t h e  t h i o l a t e d  s a mp l e s  we r e  much b r o a d e r  t han
t h o s e  of  n a t i v e  BSA s u g g e s t i n g  t ha t  mu l t i p l e  product s  were  
fo rmed.
T a b l e  6 .4 .  The n a t i v e  PAGE r e s u l t s  f o r  n a t i v e  and t h i o l a t e d
BSA
Tabl e  6 . 5 .  The SDS-PAGE r e s u l t s  f o r  n a t i v e  and t h i o l a t e d  
BSA
Samples  
BSA 
THI 1 
THI 2
RMM (KD) 
Major Band 
75-80  
67- 90  
62- 90
Minor Band 
59 + pol ymers  
26 + pol ymers  
33 + pol ymers
6 . 3 . 6 .  Amino ac i d a n a l y s i s
Ami no a c i d  c o m p o s i t i o n  o f  n a t i v e  and t h i o l a t e d  BSA
15 7
8SA pg per ml
T a b l e  6. 6= Ami n o  a c i d  c o m p o s i t i o n  o f  n a t i v e  and t h i o l a t e d
BSA THI 1 THI 2
ASP 10.12 9.21 9.01
GLU 14.76 13.10 12.90
SER 3.85 3.13 2.96
GLY 1.78 1.44 1.10
HIS 0.67 0.53 0.35
ARG 4.45 3.87 6.68
THR 4.71 4.34 4.49
ALA 4.55 4.37 4.56
PRO 4.58 4.44 4.52
TYR 3. 42 3.46 3.34
VAL 3.64 3.70 3.58
MET 0.62 0.62 0.72
CYS 3.72 2.03 1.88
I LEU 1.58 1.56 1.39
LEU 7.32 9.13 8.61
PHE 1.10 1.78 1.52
TRP 0.34 0.43 0.39
L YS 8.22 9.36 9.23
The amino aci d c o mp o s i t i o n  of  sampl es  b e f o r e  and a f t e r  
t h i o l a t i o n  ar e  not  g r e a t l y  a l t e r e d .  The r e  may be i n c r e a s e d  
l e v e l s  of  l e u c i n e ,  p h e n y l a l a n i n e ,  t ryptophan and l y s i n e  al l  
of  whi ch e l u t e d  a f t e r  c y s t e i n e  and may have  a c o n t r i b u t i o n  
from homocys t e i ne .
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6 . 3 . 7 .  F u n c t i o n a l  p r o p e r t y  t e s t s
6 . 3 . 7 . 1 .  Whipping p r o p e r t i e s
The p e r c e n t a g e  foam e x p a n s i o n  and foam s t a b i l i t y  
r e s u l t s  ar e  shown i n f i g u r e s  6. 5.  and 6.6 r e s p e c t i v e l y .  
Th i o l a t i o n  d e c r e a s e d  foam e x p a n s i o n  and foam s t a b i l i t y  i n 
l i n e  w i t h  t h e  e x t e n t  o f  t h i o l a t i o n  as me a s ur e d  by t h e  
de c r e a s e  in amino groups.
6 . 3 .  7 . 2 .  Emul s i on s t a b i l i t y
The 0.25% (w/w)  p r o t e i n  e mul s i ons  s ub j e c t e d  to s t o r a g e  
and c e n t r i f u g a t i o n  s e par at e d as i n d i c t a t e d  i n Tabl e 6.7.  
Tabl e  6.7.  Emul s i on S t a b i l i t y  f or  n a t i v e  and t h i o l a t e d  BSA 
(0.25% (w/w)  p r o t e i n  25% (w/w)  o i l )
pe r c e nt age  creami ng  
Samples St orage  t i me  C e n t r i f u g a t i o n
Zero t i m e  2 we e ks  4 we e ks  
BSA 0 40 39 37
THI 1 0  41 41 34
THI 2 0  38 37 30
The p e r c e n t a g e  c r e a mi n g  of  a l l  s a mp l e s  was  s i m i l a r ,  
but t h e r e  was no c l e a r  i n d i c a t i o n  o f  a c h a n g e  due t o  
t h i o l a t i o n .  C e n t r i f u g a t i o n  r e s u l t s  may c o r r e l a t e  w i t h  t h e  
ext ent  o f  m o d i f i c a t i o n  as me as ur e d by t h e  u n d e n a t u r e d  
sul phydryl  d e t e r mi n a t i o n .
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6 . 3 . 7  . 3 .  E mu l s i o n  d r o p l e t  s i z e
The e mu l s i o n  d r o p l e t  s i z e s  me as ured m i c r o s c o p i c a l l y  
are g i v e n  i n  Tabl e  6. 8.
Tabl e  6 . 8 .  D r o p l e t  s i z e  o f  n a t i v e  and t h i o l a t e d  BSA 
emul s i ons  (0.25% (w/w)  p r o t e i n  and 25% (w/w)  o i l )
Samples Dr opl e t  s i z e  (y )
Average Range
BSA 2 . 1 9±0 . 4 5 0 -8. 12±1. 68
THI 1 1. 9 6 ±0.2 8 0 - 1 1.8 0± 1*9 7
THI 2 1.6 5±0.  2 5 0 -1 0.8 5±1.6 1
The a v e r a g e  d r o p l e t  s i z e  di d not  c o r r e l a t e  w i t h  t h e  
s t a b i l i t y  me a s u r e me n t s  or  t h e  e x t e n t  of  t h i o l a t i o n  as 
measured by t he  d e c r e a s e  in amino groups.
6 . 3 . 7 . 4 .  Thermal  Treatment
Thi o l a t e d  s a mp l e s  did not  ge l  when h e a t e d  at  a p r o t e i n  
c o n c e n t r a t i o n  o f  8% ( w/ w)  i n t h e  p r e s e n c e  o f  45% ( w/ w)  
s uc r o s e  e v e n  a f t e r  1 hour  i n  a b o i l i n g  w a t e r  b a t h .
6 . 4  Di s c u s s i o n
6 . 4 . 1 .  Ext ent  of  r e a c t i o n
The ext ent  of  t h i o l a t i o n  was mai nl y de t ermi ned by t he  
a v a i l a b i l i t y  o f  t h e  s i l v e r  n i t r a t e  c a t a l y s t .  The e x a c t  
e x t e nt  of  mo d i f i c a t i o n  was d i f f i c u l t  to de t e r mi ne  s i n c e  the  
l e v e l s  d i f f e r e d  under d i f f e r e n t  c o n d i t i o n s  of  measurement .  
Sul phydryl  group me a s u r e me n t s  v a r i e d  c o n s i d e r a b l y  b e t we e n
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sampl es  a c c o r d i n g  t o  w h e t h e r  t he y  we r e  me as ured i n t h e  
pres ence  or  a b s e n c e  o f  g u a n i d i n e  h y d r o c h l o r i d e .  Mos t  
workers (Benesch and Benesch,  19 56; Abadi and Wi l cox,  I960;)  
examined o n l y  t h e  c h a n g e s  i n t h e  ami no  g r o u p s  ( w i t h  
ni nhydri n)  t o  d e t e r m i n e  t h e  e x t e n t  of  t h e  r e a c t i o n .  Thus  
THI 1 and THI 2 c o n t a i n  21 and 16 amino gr oups  l e s s  t han  
na t i v e  BSA r e s p e c t i v e l y .  However ,  Be ne s c h  and Be ne s c h  
(1958)  e xami ne d t h e  c o r r e l a t i o n  b e t w e e n  t h e  e x t e n t  o f  
t h i o l a t i o n  as me a s ur e d  by t h e  n i n h y d r i n  met hod and by t h e  
t i t r a t a b l e  SH groups formed in g e l a t i n  and found t ha t  t h e r e  
was good a g r e e me n t .  Th i s  a g r e e me n t  has been r e p o r t e d  by 
ot her  wo r ke r s  i n BSA ( S i n g e r  _et. a 1 . , 1960) .  However ,  more  
r e c e n t l y ,  r e p o r t s  have  c o n f i r me d  t h e  r e s u l t s  of  t h i s  s t udy  
eg.  K i m m _et_ al . ,  ( 1983)  e x a mi ne d  t h i o l a t e d  BSA and s howe d  
t he  32 ami no g r o u p s  b l o c k e d  but  t h a t  o n l y  23 s u l p h y d r y l  
groups generat ed.  The r e f or e  t h i s  d i s agr e e me nt  may be due to 
a pe cul i a ri ty of  BSA.
The e x t e n t  of  t h e  t h i o l a t i o n  r e a c t i o n  a p p e a r s  t o  be  
i n f l u e n c e d  ma i n l y  by t h e  r a t i o s  o f  t h e  r e a c t i n g  s p e c i e s .  
Thus a l t e r i n g  t h e  mo l e s  of  r e a g e n t  pe r  ami no gr oup f rom 1 t o  
10 r e s u l t e d  in a change from 10 to 30 amino groups bl ocked  
in g e l a t i n  ( Be ne s c h  and B e n e s c h ,  1958) .  Abadi  and Wi l c o x  
(1960)  used a 1:10 r a t i o  of  chyi notryps i n to t h i o l a c t o n e  and 
examined t h e  e x t e n t  of  t h e  r e a c t i o n  o v e r  t i me  and at  a pH 
range f rom 7.2 t o  8. At pH 7.2 t h e  r e a c t i o n  was t o o  s l o w
f or  the p r a c t i c a l  pr e pa r a t i o n  of  t he  d e r i v a t i v e .  Even at pH
7. 5 onl y a t r a c e  of  ho mo c y s t e i ne  was d e t e c t e d  a f t e r  12 hours
but  a f t e r  4 da y s ,  2 mo l e s  of  h o m o c y s t e i n e  per  mo l e  o f
pr o t e i n  were i nc or por at e d .  At pH 8.0 t he  r e a c t i o n  was much 
f a s t e r ,  w i t h  5.6 m o l e s  of  h o m o c y s t e i n e  b e i n g  pr oduc e d .
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6 . 4 . 2 .  P r o t e i n  c o n c e n t r a t i o n
de t e r mi nat i on  at  280mn we r e  mos t  p r o b a b l y  due t o  t h e  a l t e r e d
, of  maximum absorbance
u. v.  spe c t ra .  The w av el engt  h £fo r BSA was 278nm compared to
249nm f o r  bot h t h i o l a t e d  s a mp l e s .  Be ne s c h  and Be ne s c h
(1960)  exami ne d t h e  c h a n g e s  i n t h e  u.v.  s pe c t r u m a f t e r
t h i o l a t i o n  and found maximum abs or pt i on at  238nm.
6.4.3. pH Titration
The c h a n g e s  i n  t h e  t i t r a t i o n  c u r v e s  we r e  not  as 
dramat i c  as t ho s e  caused by t he  bl ocki ng of  amino groups by 
s u c c i n y l a t i o n .  The d e v i a t i o n  i n t h e  t h i o l a t e d  p r o t e i n  
curves  f rom t he  BSA c u r v e  at  pH 5-6 was not  due t o  t h e  
t i t r a t i o n  of  S“ groups which have a pK of  11 (Tanford,  1950)  
but may have r e l a t e d  to t he  aci d groups normal l y  a s s o c i a t e d  
wi t h a mi n o  g r o u p s  w h i c h  w e r e  b l o c k e d  by t h i o l a t i o n .  
Ca l c u l a t i o n  o f  t h e  mo l e s  o f  a c i d  added at  t h i s  pH i n d i c a t e d  
t ha t  t he r e  were 23 and 17 t i t r a t a b l e  amino groups in sampl es  
THI 1 and THI 2 r e s p e c t i v e l y  and t h e s e  f i g u r e s  r e l a t e d  wel l  
to the number of  amino groups  modi f i ed.
6 . 4 . 4 .  Hydrophobi c i t y
The h y d r o p h o b i c i t y  o f  BSA was d e c r e a s e d  a f t e r  
t h i o l a t i o n ,  wh e t h e r  i t  was meas ur e d i n t h e  p r e s e n c e  or  
absence  o f  SDS or  h e a t  and t h e  e x t e n t  o f  t h e  d e c r e a s e  
c o r r e l a t e d  we l l  w i t h  t h e  e x t e n t  o f  t h e  m o d i f i c a t i o n  as  
measured by t he  r e duc t i on  in a ini no groups.  The d e c r e a s e  in
The h i g h  v a l u e s  f o r  t h e  s p e c t r o p h o t o m e t r i c
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hydr ophobi c i t y  i n t h e  m o d i f i e d  s a mp l e s  was  s i m i l a r  to t h e  
f i n d i n g s  r e l a t e d  to s u c c i n y l a t e d  BSA where t he  amino groups  
were repl aced by acid groups.
6 . 4 . 5o E l e c t r o p h o r e s i s
6 . 4 . 5 . 1 .  I s o e l e c t r i c  f o c u s i n g
T h i o l a t i o n  r e duc e d  t h e  i s o e l e c t r i c  p o i n t  ( p i )  o f  BSA.  
This e f f e c t  o f  t h i o l a t i o n  has been r e p o r t e d  e l s e w h e r e .  
Benesch and Benesch (1958)  showed t hat  t h i o l a t i o n  of  29 and 
24 ami no gr oups  r e s u l t e d  i n  a drop i n t h e  pi f rom 6. 56 and
5. 06  f o r  t h e  n a t i v e  s a mp l e s  t o  4. 51 and 4 . 21  r e s p e c t i v e l y .  
The i n c r e a s e d  n e g a t i v e  c h a r g e  on t h i o l a t e d  p r o t e i n s  was  
quoted by S i n g e r  ( 1960)  t o  be due t o  t h e  r e p l a c e m e n t  of  
p o s i t i v e l y  c h a r g e d  ami no gr oups  o f  l y s i n e  w i t h  n e u t r a l  
s ul p hyd ry 1 gr oups .
6 . 4 . 5o2o  Po l yac r y l  amide gel  e l e c t r o p h o r e s i s
The i n c r e a s e d  n e g a t i v e  c h a r g e  on t h e  m o l e c u l e  as  
i nd i c a t e d  by t h e  l o w e r  i s o e l e c t r i c  p o i n t  r e s u l t e d  i n  an 
i ncreas ed m o b i l i t y  as me as ur e d by na t i ve - PAGE.  The r e  was  
e v i de nc e  o f  a s m a l l  a mo unt  of  d i s s o c i a t i o n  i n  t h e  
e x t e n s i v e l y  t h i o l a t e d  s a mp l e .  The c o v a l e n t  a t t a c h m e n t  o f  
homocys t e i ne  m o i e t i e s  woul d  be  e x p e c t e d  t o  r e s u l t  i n a 
g r e a t e r  r e l a t i v e  m o l e c u l a r  mass  i n t h e  m o d i f i e d  s a m p l e s .  
However t he  SDS-PAGE r e s u l t s  did not  show a c l e a r  p a t t e r n  
c o r r e l a t i n g  w i t h  t h e  e x t e n t  o f  r e a c t i o n .  I n s t e a d ,  t h e  SDS-  
PAGE r e s u l t s  agreed wi t h  t he  ot her  el ect  rop ho r et  i c r e s u l t s
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i n d i c a t i n g  an i n c r e a s e  i n  t h e  number of  p r o d u c t s .  The s e  
f i n d i n g s  are  c o r r o b o r a t e d  i n t h e  l i t e r a t u r e  eg.  Abadi  and 
Wi l cox ( 1960)  exami ne d t h e  c h r o ma t o g r a p h i c  p a t t e r n s  of  
t h i o l a t e d  c h y m o t r y p s i n  and r e s o l v e d  a number of  d i f f e r e n t  
compo n e n t s .
6 . 4 . 6 .  Amino ac i d a n a l y s i s
The e l u t i o n  of  homoc ys t e i ne  on t h i s  column i s  unknown,  
i f  c o e l u t i o n  occurs  wi t h one of  t he  l a s t  f our peaks ,  namely  
l e u c i n e ,  p h e n y l a l a n i n e ,  t r y p t o p h a n  or l y s i n e  i t  w o u l d  
e x p l a i n  t h e  i n c r e a s e s  i n t h e s e  peaks  whi c h a l s o  c o r r e s p o n d  
to t h e  e x t e n t s  of  t h i o l a t i o n  i n  s a mp l e s  THI 1 and THI 2.  
The ot her  d i f f e r e n c e s  i n c o mp o s i t i o n  are smal l  enough to be 
due to exper i ment al  error.
6 . 4 . 7 .  Funct i onal  proper t y  t e s t s
6 . 4 . 7 . 1 .  Whipping p r o p e r t i e s
The c h a n g e s  i n t h e  wh i p p i n g  p r o p e r t i e s  c a us e d  by 
t h i o l a t i o n  correspond we l l  to t he  ex t e nt  of  t he  mo d i f i c a t i o n  
of  t h e  a mi n o  g r o u p s  and t o  t h e  r e s u l t s  o b t a i n e d  by 
s u c c i n y l a t i o n  which i s  a l s o  an a c y l a t i o n  r e a c t i o n .  I t  would 
appear t h a t  t h e  b l o c k i n g  o f  t h e  a mi n o  g r o u p  and t h e  
repl acement  o f  t h e  t e r m i n a l  group wi t h  e i t h e r  a n e u t r a l  or  
aci d group r e s u l t s  i n  g r e a t l y  re duc e d foam e x p a n s i o n  and 
s t a b i l i t y .  In a d d i t i o n  t h e s e  r e s u l t s  s u g g e s t  t h a t  
sul phydryl  g r o ups  do not  p l ay  a ma j o r  r o l e  i n t h e  f o a mi ng  
p r o p e r t i e s  o f  BSA.
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6 . 4 . 7 . 2 .  E m u l s i f i c a t i o n  p r o p e r t i e s
Emu l s i f i c a t i o n  r e s u l t s  we r e  not  g r e a t l y  a f f e c t e d  by 
t h i o l a t i o n  and t h e  c h a n g e s  did not  appe ar  t o  r e l a t e  t o  t h e  
e x t e nt  of  mo d i f i c a t i o n  of  t he  amino groups but were r e l a t e d  
to t he  a d d i t i o n  of  sul phydryl  groups measured in the na t i v e  
s t a t e  and c a u s e d  i n f e r i o r  e m u l s i f i c a t i o n  p r o p e r t i e s .  
The r e f or e  s u l p h y d r y l  g r o u p s  p r o b a b l y  d i d  n o t  p l a y  an 
e s s e n t i a l  r o l e  in t he  mai nt enance  of  an o i l / w a t e r  i n t e r f a c e .  
These r e s u l t s  di d not  f o l l o w  t h e  s u c c i n y l a t i o n  r e s u l t s  as 
c l o s e l y  as t h e  wh i p p i n g  r e s u l t s  but  t h e r e  was a s l i g h t  t r e n d  
i n d i c a t i n g  i n f e r i o r  e m u l s i o n  p r o p e r t i e s  whi c h woul d be 
pr e di c t e d  by t he  s l i g h t  i n c r e a s e  in n e g a t i v e  charge.
6 . 4 . 7 . 3 .  Thermal  p r o p e r t i e s
Thi o l a t e d  BSA did not  c o a g u l a t e  on h e a t i n g .  Th i s  was  
not  t he  expect ed outcome as i t  was t hought  t ha t  an i n c r e a s e  
in f r e e  s u l p h y d r y l  g r o u p s  w o u l d  p r o m o t e  
di s ul ph i d e / s  ul phyd ry 1 group i n t e r c h a n g e .  I t  i s  c o n c l u d e d  
t h a t  t he  i nc r e as e d ne g a t i v e  charge on t he  mo l e c u l e  which was 
brought  about  by t h e  b l o c k i n g  o f  amino g r o u p s  was of  g r e a t e r  
s i g n i f i c a n c e  t o  t h e  a l t e r a t i o n  i n  t h e  g e l l i n g  
c h a r a c t e r i s t i c s  t h a n  t h e  a b u n d a n c e  o f  f r e e  s u l p h y d r y l  
g rou p s .
6 . 5 .  Conc l us i on
The i n c r e a s e  i n f r e e  s u l p h y d r y l  g r o ups  by t h i o l a t i o n  
did n o t  r e s u l t  i n g e l l i n g  v i a  d i s u l p h i d e / s u l p h y d r y l
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i n t e r c hange  r e a c t i o n s .  The r e s u l t s  o f  t h e  e f f e c t s  o f  
t h i o l a t i o n  on the f u nc t i o n a l  p r o p e r t i e s  of  BSA were r e l a t e d  
to t he  e f f e c t s  of  s u c c i n y l a t i o n .  Both r e a c t i o n s  i n v o l v e d  
a c y l a t i o n  o f  t h e  ami no gr oups  and bot h r e s u l t e d  in h i g h e r  
o v e r a l l  n e g a t i v e  c h a r g e  on t he  m o l e c u l e .  The s e  c h a n g e s  
have been shown to have profound de t r i me nt a l  e f f e c t s  on t he  
p r o t e i n ' s  f u n c t i o n ,  e s p e c i a l l y  on t h e  wh i p p i n g  and g e l l i n g  
p r o p e r t i e s .
The f i n d i n g s  f r om t h e  s t u d i e s  o f  t h i o l a t i o n  and 
s u c c i n y l a t i o n  i n d i c a t e d  t ha t  i n c r e a s i n g  t he  o v e r a l l  n e g a t i v e  
charge on t h e  p r o t e i n  m o l e c u l e  was  d e t r i m e n t a l  t o  t h e  
f u n c t i o n a l  p r o p e r t i e s .  T h e r e f o r e ,  f u t u r e  work s h o u l d  
examine c h e mi c a l  m o d i f i c a t i o n s  whi ch r e s u l t  i n i n c r e a s e d  
p o s i t i v e  charge such as t he  mo d i f i c a t i o n  of  amino groups to 
even more bas i c  product s  or to t he  mo d i f i c a t i o n  of  carboxyl  
g r o ups .
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G u a n i d i n a t i o n
C h a p t e r  7.
7 . 1 .  I n t r o d u c t i o n
Guanidination involves the reaction of 0-methyl 
isourea with the amino groups of lysine residues thereby 
converting them to homoarginine according to the equation 
shown below.
NH NH
// /P-NHo + CHo-O-C __> P-NH-C + CHoOH
\  \
nh2 nh2
lysine + 0-methyliso urea — > homoarginine + methanol
The reaction was first reported by Greenstein in 1935
but was not applied to proteins until 1949, when Hughes et
al. modified human serum albumin. Although guanidination is 
a well documented modification of lysine groups (Means and 
Feeney, 1977) the functional properties of proteins modified 
in this way have not been studied in any detail. There are, 
however, many studies related to the effect of guanidination 
on enzyme and hormone activity (Chervenka and Wilcox, 1956; 
Habeeb, 1967; She i Ids, et_ a 1 . 1959; Geshwi nd and Li, 1957). 
Examination of guanidinated proteins with a view to using 
them in food products may have been abandoned because
lysine, which is an essential amino acid is likely to be 
destroyed during the reaction. Aside from this 
disadvantage, guanidination is a good tool for studying
structure-function relationships as it is a simple 
modification and is selective in terms of groups modified. 
Guanidination may also be carried out with alkyl acetimate 
(Means and Feeney, 1977) and l-guanyl-3,5-diinethylpyrazole 
nitrate (Habeeb, 1959).
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7.2.1. Guanidination
Guanidination was carried out according to Kimmel 
(1967). BSA (lOg) was dissolved in either 0.1M or 0.4M 0- 
methyl i sour ea (11) at pH 10.5 and left for 4 days to react 
at 4°C in order to achieve 2 levels of modification denoted 
GUA1 and GUA2 respectively. The reaction was stopped by 
dilution with 11 of phosphate buffer (1M) pH 5.0 and the 
mixture was diafiltrated against at least 101 of distilled 
water in an ultrafiltration unit for 5 hours. The protein 
was recovered by f r eez e-d ry i ng.
7.2.2. Extent of reaction.
The extent of the conversion of lysine residues to 
homoarginine was measured by the number of free amino groups 
remaining after guanidination by amino acid analysis 
(section 2.3.6).
7 . 2 .  M e t h o d o l o g y
7.3 Results
7.3.1. Extent of reaction
The extent of guanidin 
decrease in the amount of 
guanidination as measured by 
7.1).
at ion was detected by the 
lysine remaining after 
amino acid analysis (Table
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ug/ml
T a b l e  7 .1 .  A m i n o  a c i d  c o m p o s i t i o n  o f  n a t i v e  and  g u a n i d i n a t e d
BSA
BSA GUA1 GUA2
ASP 9.36 9.90 8.59
GLU 14.01 14.79 11.85
SER 5.08 4.05 3.01
GLY 3.61 2.25 1.87
HIS 3.33 3.73 4.80
ARG 4.16 4.98 5.22
THR 4.44 4.87 5.41
ALA 6.34 5.65 6.52
PRO 3.11 9.0 7* 9.44*
TYR 3.88 3.86 4.01
VAL 4.47 4.55 4.74
MET 0.89 0.89 0.96
CYS + 1.15 2.14 4.34
I LEU 2.19 2.15 1.89
LEU 8.02 8.74 9.70
PHE 4.71 5.35 1.94
TRP + 3.43 5.35 1.42
LYS 9.04 2.52 1.63
+ Cysteine and tryptophan are destroyed during acid 
hydrolysis and therefore their recovery is not reproducible. 
* Homoarginine coeluted with proline and therefore this 
f i g u r e  i s  h i g h .
The lysine content of BSA was markedly reduced after 
guanidi nation by 72% and 82% in GUA1 and GUA2 respect ivly. 
By taking the literature value of 60 lysine residues in BSA 
(Putnam, 1975), it was calculated that 43 and 49 lysine
groups had been guanidinated in samples GUA1 and GUA2 
respectively. The homoarginine produced by guanidination 
was calculated by subtracting the proline peak for BSA from 
that of the samples. Assuming 100% recovery, values of 38 
and 40 homo arginine groups were obtained for samples GUA1 
and GUA2 respectively. The discrepancy between the decrease 
in the lysine peak and the increase in the homoarginine peak 
was due to the fact that acid hydrolysis results in some loss 
of amino acids and therefore recovery was not 100%.
7.3.2. Amino groups
The number of free amino groups remaining after 
guanidination indicated that samples GUA1 and GUA2 had 53 
and 30% fewer amino groups than BSA. From this information 
it was deduced that as BSA comprises 60 epsilon-amino groups 
per molecule (Creighton, 1984), the modified samples 
contained 32 and 18 guanidino groups per protein molecule in 
samples GUA1 and GUA2 r es pect i v el y.
7.3.3. Sulphydryl Groups
Reaction of sulphydryl groups with 0-methyl isourea was 
assessed by the decrease in free groups remaining after 
guanidination. The degree of cross reactivity is given in 
T able 7.2.
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Moles sulphydryl groups per mole of protein
T a b l e  7 . 2 .  S u l p h y d r y l  g r o u p s  m e a s u r e d  i n  n a t i v e  a n d
g u a n i d i n a t e d  BSA
Denatured 
Control Under N2
Undenatured 
Samples Control Under N2 
BSA 0.66 0.66 0.6 7 0.6 7
GUA1 0.45 0.2 1 0.30 0. 16
GUA2 0.30 ND 0.08 ND
ND Not determi ned
It was clear that 0-methylisourea reacted with 
sulphydryl groups in that the free sulphydryl groups were 
reduced to between 24 and 68% of those in BSA in sampl eGUAl 
and 12-50% of the value for BSA in sample GUA2 depending on 
the presence or absence of a denaturant and nitrogen.
7.3.4. pH Titration
The pH titration curve is given in figure 7.1. The 
curves for guanidinated BSA showed marked deviations from the 
native BSA response. The steepest part of the curves 
occured at pH 5 which suggests that acid groups are 
titrating. From the titres at pH 5 the number of acid 
groups on the molecule were calculated as 251 and 173 per 
molecule (using a RMM for BSA of 66,000) for samples GUA1 
and GUA2 respectively. The guanidinated amino groups were 
not titratable at the range of pH values used since they are 
resonance stabilised (Tanford _et aj_, 195 5 ).
7 . 3 . 5 .  H y d r o p h o b i c i t y
The hydrophobicity of native and guanidinated BSA 
measured in aqueous solution, after heat denaturation and in 
the presence of 20mg litre"1 (w/v) SDS results are displayed 
in figures 7.2, 7.3, and 7.4 respectively and the gradient 
of the plots in each case are given in Table 7.3.
Table 7.3. Hydrophobicity results for native and 
guanidinated BSA.
Hydrophobicity values 
Sample Aqueous solution Heat denatured +20mg litre-1
SDS
BSA 2869 1007 974
GUA1 2 012 1 069 71 1
GUA2 2600   1250
There was very little difference between the 
hyd r op hob i ci ty values measured in aqueous solution, in the 
presence of 20mg litre-1 or after heat denaturation. Sample 
GUA2 precipitated on heating and therefore a value for this 
sample could not be obtained.
7.3.6. Electrophoresis
7.3.6.1. Isoelectric focusing
T he  i s o e l e c t r i c  f o c u s i n g  r e s u l t s  a r e  s h o w n  i n  T a b l e
7 . 4 .
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Table 7.4. Isoelectric point (pi) determination in native 
and guanidinated BSA.
Pi
Samples Major Band Range of products Minor Bands 
BSA 5.3 4.45-5.85 4.45 , 4.65 , 5.0
GUA1 5.3 5.2-6.6 5.2, 5.55, 6.95
GUA2 5.3 4.65-5.9 *
* There were no minor bands in sample GUA2 but evidence of 
denaturation at the point of loading.
In the main, guanidination did not alter the pi values 
of major components, but the range of products did increase 
to include more positive proteins.
7.3.6.2. Non-dissociating polyacryl amide gel electrophoresis 
(Native-PAGE)
The nat ive-PAGE results are shown in Table 7.5. 
Guanidinated BSA had slightly decreased mobility in 
comparison to native BSA.
Table 7.5. Non-dissociating-PAGE results (Rf values) in 
native and guanidinated BSA
Sampie Maj o r Ba nd Rf
BSA 0.56
GUA1 0.55
GUA2 0.43
7.3.6.3. Dissociating di sconti nous polyacrylamide gel 
electrophoresis (SDS-PAGE)
Th e  SDS-PAGE r e s u l t s  a r e  g i v e n  i n  T a b l e  7 . 6 .
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Table 7.6. SDS-PAGE results for native and guanidinated BSA 
(kD) kiloDaltons
In the absence of In the presence of
3-mercaptoethanol 3-mercaptoethanol
Major Band Minor Bands Major Band Minor Bands
BSA 42-50 38 + polymers 59-6 8 53 + polymers
GUA1 45-50 38 + polymers 66-68 53 + polymers
GUA2 46-50 38 + polymers 70- 73 53 + polymers
The increase in relative molecular mass that occurred 
on guanidination was 3 or 6% for sample GUA 1 and 4 or 13% 
for sample GUA2 depending on whether it was measured in the 
presence or absence of 3-mercaptoethanol. 3-Mercaptoethanol 
is required to break di sulphide bonds to enable the molecule 
to migrate through the gel, therefore this is the more 
reliable figure. However, by calculation guanidination of 
43 and 49 lysine groups of BSA (RMM 66,000) would result in 
a 3 and 4% increase in molecular weight in samples GUA1 and 
GUA2 respectively.
7.3.7. Functional property tests
7.3.7.1. Whipping properties
The percentage foam expansion and liquid stability 
results are shown in figures 7.5 and 7.6. There was very 
little change after modification although there was possibly 
an improvement in the foam expansion of guanidinated samples 
in comparison with the values for ultrafiltered BSA.
7 . 3 . 7 . 2 .  E m u l s i o n  s t a b i l i t y
The emulsion stability results are given in Table 7.7. 
Table 7.7. Emulsion stability for 0.25% (w /w ) protein 
emulsions of native and guanidinated BSA
percentage creaming
Samp!e St o rag e Centrifugation
0 time 2 weeks 4 weeks
BSA 0 41 41 36
GUA1 0 40 40 33
GUA2 0 42 39 31
7.3.7.3. Thermal properties
Protein solutions (6% w/w) that h ad been h eat ed to
95°C in a boiling water bath for 35 mi n gelled and the gel
s t r engt h s are given in Table 7.8.
Table 7.8< Gel at ion results for native and guanidinated BSA
Sample Gel strength (g) B r eak i ng Cohesiveness
at 6mm strength
c omp r es s i o n (g)
BSA 503+634 2 712±4 5 8 11.4±0« 3
UFBSA 1 5 ± 4 9 7±2 7 9.7±0.4
GUA1 1 2 9 ± 1 2 1092±189 11.9±0.1
GUA2 4 7±4 5 1±2 0 3.8±0.7
Guanidinated BSA formed a less strong gel than native 
BSA. However, in comparison with the ultrafiltered control 
sample (UFBSA) the partially guanidinated sample GUA1 both 
had a higher breaking strength and gel strength at 6mm 
compression. GUA1 was more cohesive than the other samples
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but GUA2 had a lower breaking strength than the ul t ra f i 11 er ed 
control sample and was much less cohesive than the BSA 
s amples.
7.4. Discussion
7.4.1. Extent of guanidination
The extent of guanidination as assessed by the 
decrease in lysine measured by amino acid analysis suggested 
that between 38-43 and 40-49 amino groups had reacted in 
samples GUA1 and GUA2 respectively. There was little change 
in other amino acids except proline which contained a 
contribution from the homoarginine formed during 
guanidination. These results are in agreement with the 
literature. Hettinger and Harbury (1965) found no 
significant changes in the amino acid composition of 
guanidinated heart cytochrome C apart from the reduction of 
lysine from 15.7 to 0.34 residues per mole of protein and 
the production of a similar amount of homoarginine. 
Cherwenka and Wilcox (1956) quoted similar results.
7.4.2. Amino groups
Guanidination was generally considered to specifically 
modify epsilon amino groups as opposed to a-ami no groups, 
due to a combination of low nu c 1 e op h i 1 i c i ty of the latter 
and the modest reactivity of reagent (Kassell and Chow, 
1966; Hughes _e_t a 1 . 1949). However guanidi nation of the a - 
amino group of insulin has been reported (Evans _e t_ a 1 .,
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1971). The extent of this reaction was governed by pH and 
concentration of reactants, t e m p e r a t u r e  and the 
accessibility of ami no groups, but primarily by the inital 
pH since at least one of the reacting species must be 
unprotonated (Cohen, 1968, Means and Feeney, 1977). The 
reaction mechanism is not fully understood but it is 
considered to be as shown in the following equation:
+N Ho 0
I IIp-ch2-sh + H2N-C-0CH3 —z p-ch2-s-ch3 + h2n-c-nH2
protein + 0-methylisourea —r guanidinated protein + urea
The pH dependence of this reaction is well documented 
(Cohen, 1968; Klee and Richards, 1957). The extent of 
modification indicated in this study concurs with results of 
Hughes _ejt a 1 . (1949) who showed that out of the 58 epsilon- 
ami no groups in human serum albumin approximately 0-10 were 
modified at pH 8.5, compared to 32-35 at pH 9.5 and 50-55 at 
pH 10. Their reactions were carried out with 15% (w/v) 
solutions protein for 5 days in the presence of 0.4 and 0.8M 
met hy 1 1 sou r ea and for 12-14 days with 1.0M m e thy 1 i s o u r ea. 
However, their findings did not prove whether the pH of the 
reaction mixture determi ned the extent of the reaction by 
controlling the rate of reaction or by limiting the 
assessibility of amino groups. Habeeb (1960) guanidinated 
90% of the amino groups in BSA by reacting 0.5M reagent with 
5% (w/w) protein at pH 10.5. Near complete guanidination of 
all lysine residues has been obtained with a variety of 
proteins for example chymotrypsin, trypsin inhibitor, 
cytochromes and hormones (Cherwenka and Wilcox, 1956; 
Kassel! and Chow, 1966; Hettinger and Harbury, 1965;
G e s h w i n d  a n d  L i ,  1 9 5 7 ) .
7.4.3. Sulphydryl Interaction.
The finding that sulphydryl groups react with 0-methyl 
isourea, as was shown in this study, was not discovered 
until 1970 by Banks and Shafer. Until this date it was 
thought that guani dination was specific for epsilon amino 
groups (Chervenka and Wilcox, 1956).
7.4.4. Protein concentration
The molar extinction coefficient and u.v. spectrum of 
guanidinated BSA was similar to that of the native protein. 
This has been reported previously by Cherwenka and Wilcox 
(1956) with chymotrypsin and by Hettinger and Harbury (1965) 
using heart cytochrome C.
7.4.5. pH titration
The pH titration curve indicated the extent of the 
conversion from free ami no groups to the resonance- 
stabilised homoarginine terminal group. The changes in the 
BSA titration curve following guanidination have been 
extensively studied by Tanford ( 19 50). However, due to a 
limited knowledge of amino acid composition and structure of 
BSA at that time the information given was difficult to 
interpret. For example the paper used early composition data 
(Brand, 19 46) which indicated erroneously that BSA contained 
9 a-ainino, groups and tried to explain why this finding did 
not correlate with the number of a-carboxyl groups. However,
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it concluded that at pH 12 all the guanidino groups and one 
third of the amino and tyrosine groups had not been titrated 
in native BSA. The guanidinated sample (Tanford, 1950) gave 
a pH titration curve similar to that obtained in this study 
and the authors calculated that the addition of 4 a-ami no 
groups was required to fit the native BSA curve.
7.4.6.  Hydrophobicity
Hydrophobicity values after guanidination remained 
relatively similar to those of native BSA. This result 
was expected since the conversion of lysine to homoarginine 
did not involve the addition of any hydrocarbon or functional 
g rou ps.
7.4.7.  Electrophoresis
Isoelectric focusing and non-dissociating PAGE results 
reflected the fact that guanidination caused an increase in 
the basic or positive nature of the protein. According to 
the SDS-PAGE results, a 6 and a 13% increase in relative 
molecular mass had occurred in guanidinated samples GUA1 and 
GUA2 respectively which indicated a greater degree of 
modification than that shown by the decrease in amino groups.
The literature relating to the electrophoretic patterns 
of guanidinated proteins mainly report that there is a 
decrease in the polymeric forms of the modified sample in 
comparison to the native material (Cherwenka and Wilcox, 
1956; Kassel and Chow, 1966). Geshwind and Li (1957) 
examined the electrophoretic patterns of guanidinated growth
hormone which at pH 4.0 separated to give 2 components with 
mobilities similar to that of a partially denatured sample 
but very different from those of a the native protein which 
suggested that the guanidination had resulted in partial 
denaturation. Although evidence of denaturation was not 
shown by the SDS-PAGE results, protein was shown at the 
point of loading on the isoelectric focusing gel in sample 
GUA2 suggesting that extensive modification resulted in some 
denaturation.
7.4o8o Functional property tests 
7o4„8olo Whipping properties
Guanidination caused no change in the whipping 
properties of native BSA but these were slightly improved 
compared to the ul trafi11ered control. The conversion of 
free amino groups to terminal homoarginine groups, the 
slight decrease in hydrophobicity and the increase in 
basicity were not reflected in the whipping results and 
therefore did not alter the ability of these proteins to 
form and maintain a foam.
7.4.8.2. Emulsification properties
The emulsion stability of guanidinated proteins was 
not significantly altered from that of the emulsion formed 
with native BSA. As described for the whipping properties, 
it appears that the modification of lysine residues to 
homo arginine residues was not of sufficient magnitude to 
significantly enhance emulsion stability.
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7 . 4 . 8 . 3 .  T h e r m a l  p r o p e r t i e s
Guanidination reduced the gel strength of native BSA 
but a low degree of modification increased the strength of 
gels compared to the ultrafiltered control. The commonly 
held theory that increased positive charge would increase 
electrostatic attraction between the more basic homoarginine 
residues and negative acid groups either through hydrogen 
bonding or dipole association may account for the improved 
gelling properties. However, the gelling properties were 
not improved proportionally with the extent of the 
modification as the more extensively modified sample 
performed poorly. It was considered that extensive 
modification may have caused denaturation as shown in the 
isoelectric focusing technique which resulted in inferior 
gelling properties in sample GUA2.
7.5. Conclusion
i
The increase in basicity which was brought about by 
converting amino groups to homoarginine residues did not 
result in the expected increase in whipping properties. 
Guanidination, however, gave a gel with a greater breaking 
strength than the ul trafi11ered control BSA but the extent of 
the increase did not follow the extent of the modification. 
The impaired function of the extensively modified sample was 
thought to be due to denaturation.
It was concluded that the amino group played an 
important rol e in thefunction of proteins by the maintenance
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carboxyl groups would provide vital information in
elucidation of this hypothesis. The carboxyl groups were 
studied in Chapter 8.
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Chapter 8
Attachment of Small Molecules by EDC mediated Condensation
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8 . 1 .  I n t r o d u c t i o n
The aim of this modification was to increase the 
positive charge on the protein molecule thereby increasing 
the electrostatic association between modified groups and the 
native negatively charged molecules. 1-Ethyl-3-(3- 
d i in ethyl ami nopropyl ) carbodi imide (EDC) mediates the 
reaction between an amino and a carboxyl group and joins 
them via a peptide bond as shown in the equation below:
0 +N HR
\\ / /P-COOH + CH3-CH2-N=C=N-(CH2)2-N(CH3)2 __> P-C-O-C
NHR1
Protein + EDC 0-Acyl isourea
+ Amino group (R2-NH2)
'\7
V  o l*
New peptide bond P-C-N~R2 
Equationl. IH
J
The carbodiimide initiates the reaction by the addition 
of the carboxyl group across one of the carbon-carbon double 
bonds to yield the 0-acylisourea intermediate. In aqueous 
solution the 0-acylisourea is extremely unstable and is 
vulnerable to nucleophilic attack. The result is dependent 
on the species available for reaction. Therefore it was 
decided to use this method to covalently attach a range of 
small molecules to the acid group on the protein in order to 
change the protein charge and thereby the functional 
properties.
Three small molecules namely N-butyl amine, putrescine
and lysine were chosen for covalent attachment in the 
following ways:
a) N-butylami ne (ami no butane) which would result in the 
addition of a butyl hydrophobic chain to the acid groups of 
glutamic and aspartic acid as shown in equation I. 
k) Putresci ne (1,4-di ami nobutane) which may react with 
carboxyl groups on the protein via one or both amino groups. 
The two amino groups on this molecule may allow cross- 
linking to occur either inter- or intra- molecularly, 
c)lys ine. The reaction between lysine and BSA has many 
possible products since a reaction could occur between either 
the amino group or the carboxyl group of the lysine molecule 
and either group on the protein molecule. It would also be 
possible for lysine to bridge protein molecules resulting in 
polymers, as described in the reaction with putrescine.
The reactions described above were all carried out 
using similar methods resulting in a range of products of 
increasing complexity. Most literature (Puigserver, 1982; 
Voutsinas and Nakai, 1979) concerning the reactions of EDC 
considers only the primary reactions of the acid groups on 
the protein without fully considering the side reactions with 
other groups present either in the protein or in the added 
ami no acid.
The carbodiimide mediated condensation reaction was 
first described by Sheenan and Hess (1955) as a new method 
for forming peptide bonds in aqueous solution using NNl 
dicyclohexyl carbodiimide. The reaction found a wide number 
of applications which have been reviewed by Kurzer and 
Douraghi (1967) and Kho ran a (1953) and summarized below:
1) Peptide synthesis employing carbodiimides (Kurzer and
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Douragi, 1967)
2) Immunology. Ca rbodi 1 mi d es have been employed commonly to 
attach antigens to carrier proteins in order to produce 
antibodies (Goodf ri end _ejj a 1 . , 1964; McGuigan, 1968; 
R eh field, 1972; Blake and Gould, 1984).
3) Protein carboxyl group determination. In the presence of a 
denaturant (7.5M urea or 5 M guanidine hydrochloride) 
carbodiimides mediate the reaction between glycine methyl 
ester hydrochloride and protein acid groups. The number of 
acid groups may be determined by the increase in glycine 
residues determined by amino acid analysis. (Hoare and 
Koshland, 1967; Carraway and Koshland, 19 72)
4) Elucidation of structure-function relationships in 
enzymes (Kozi k , 19 82)
5) Amidation of carboxyl groups which involves activation of 
carboxyl groups with the carbodiimide in the presence of 
ammonium chloride which converts aspartic and glutamic acids 
to asparagine and glutamine residues repectively (Mattarella, 
et a 1 . 1983a and b, Taylor, 1988).
6) Miscellaneous industrial uses including carbodiimide 
addition into herbicides and insecticides, photographic 
emulsions and use in the dye industry and as polymer 
s t a b i 1 i s e r s .
Carbodiimide mediated condensation has been advocated 
for the covalent attachment of amino acids into food 
proteins with the aim of improving nutritional value 
(Puigserver, 1982). Voutsinas and Nakai (1979) covalently 
attached methionine and tryptophan to soy protein using EDC 
but no assessment of the changes in functional properties 
was made. Ma and Holme (1982) covalently attached glycine 
methyl ester to egg albumen and showed decreased gelling
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p r o p e r t  i  e s .
8 . 2 .  Method
Covalent attachment of different small molecules was 
carried out with the coupling agent 1-ethyl -3-(3- 
dimethyl ami nop ropy 1 carbodiimide (EDC) via the formation of 
a new peptide bond.
Bovine serum albumin (lOg) was dissolved in a 11 
distilled water containing either 1 M N-butylamine, 5g 
putrescine hyd roch 1 oride or 5g lysine at pH 5.0. To each of 
these mixtures was added 5g EDC and, the pH was maintained 
for 1 hour for samples BUT1, PUT1 and LYS1 and for 24 hours 
for samples BUT2, PUT2 and LYS2 respectively. Butylamine is 
exceedingly basic and required concentrated HC1 to maintain 
the pH and therefore the reaction was carried.out in two 
ways. Firstly samples BUT1 and BUT2 were prepared without 
pre treatment of the butylamine and resulted in somewhat 
denatured samples and secondly the butylamine was converted 
to a salt by bringing the pH down to 5 prior to the addition 
of the protein (samples BUT3 and BUT4). Limited studies 
were carried out using BUT1 and BUT2 and the main study 
concentrated on samples BUT3 and BUT4. In addition a 
control sample was made with EDC alone and no nucleophile, 
which was denoted EDC.
After incubation, the reaction mixture was dialysed in 
an ultrafi1tration unit against approximately 101 distilled 
water, concentrated and f r eez e-d r i ed. The freeze-dried 
powder was analysed for protein concentration, amino and 
sulphydryl groups, hydrophobicity, amino acid analysis,
changes in pH titration curve, circular dichroism spectra and 
functional properties (Chapter 2).
8. 3. Results
8„3olo Protein Concentration
The binding of Coomassie blue dye was generally reduced 
in the modified samples suggesting decreased protein 
concentration. However, protein binding of Coomassie blue 
is dependent on negative charge which should have been 
decreased by the modi fication. This decrease was greatest 
in samples BUT1 and BUT2 (36 and 38% of the BSA control 
respectively) and since these samples had similar charge to 
other samples it was considered that denaturation and 
insolubility further decreased the protein content measured 
by Coomassie blue. Spectrophotometric determination at 280 
nm indicated that modified samples all had a protein content 
of over 90%.
8.3.2. Sulphydryl groups
The s pect rop hotome trie determination of sulphydryl 
groups using Ell man's reagent yielded the results given in 
Table 8.1.
201
T a b l e  8 . 1 „  S u l p h y d r y l  g r o u p  d e t e r m i n a t i o n  i n  n a t i v e  a n d  EDC 
m o d i f i e d  BSA
Moles of SH group mol-1 protein
Sample Undenatur ed Denatured 1
BSA 0.58 0.33
EDC 0.41 0.14
BUT1 - 0.40
BUT2 - 0.32
BUT3 0.4 0 0.08
BUT4 0.25 0.09
PUT1 0.19 0.10
PUT2 0.53 0.17
L YS1 0.50 0.36
L YS 2 0.40 0.17
Butylated samples BUT1 and BUT2 were denatured and did not 
dissolve in the Ell man's buffer in the absence of guanidine 
hyd rochl o r i d e. All EDC modified samples had fewer free 
sulphydryl groups than BSA and the reduction followed the 
extent of reaction in the butylated samples measured in the 
native state and in samples LYS1 and LYS2.
8 . 3 . 3 .  Ami  no G r o u p s
The numbers of free amino groups in the EDC modified 
samples as shown by the spectrophotometric determination 
with ninhydrin were increased by the percentages shown in 
Table 8.2.
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number of groups Percentage change
T a b l e  8 . 2 .  C h a n g e s  i n  a m i n o  g r o u p s  i n  n a t i v e  a n d  EDC
m o d i f i e d  BSA
EDC 10 -17
BUT1 6 + 10
BUT2 15 +2 5
BUT3 7 -11
BUT4 13 -22
PUT1 11 -18
PUT2 1 -1
L YS1 19 + 3 1
LYS2 51 + 83
Butylated samples BUT1 and BUT2 showed a progressive 
increase in amino groups with the extent of the reaction, 
whereas BUT3 and BUT4 showed a progressive decrease in amino 
groups. The increased number of amino groups in samples LYS1 
and LYS2 indicated the extent of addition of this amino acid. 
The EDC control result suggested that amino groups were 
blocked, probably by an EDC-mediated reaction with proximate 
carboxyls either in the same or in an adjacent protein 
mol e c u ! e .
8.3.4. pH Titration
The pH titration curves for native and EDC modified 
samples are given in figures 8.1-8.3. The curves obtained 
for butylated samples {BUT1 and BUT2) showed a marked 
deviation from the smooth curve which is typical of native 
BSA and the extent of the deviation correlated with the 
extent of the modification. However, samples BUT3 and BUT4 
did not show such marked deviations from the BSA curve which
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suggested that either the denaturation or the differences in 
the preparation of s a in pies BUT1 and BUT 2 produced this 
effect.
Samples BUT3, BUT4, PUT1, PUT2 and LYS1 did not show 
the normal stepped appearance of modified proteins as was 
shown for samples BUT1 and 8UT2. The titration curve for 
all the former samples showed a curve which was lower than 
the native BSA curve. A lower pH was therefore obtained with 
the same amount of added acid in the BSA sample compared with 
samples BUT3, BUT4, PUT1, PUT2 and LYS1. This reflected that 
acid groups were blocked in these modified samples.
Sample LYS2 showed a stepped appearance from which it 
was calculated that 45 acid groups were attached and this 
reflected the level of amino acid addition in this sample.
8 . 3 . , 5 o  H y d r o p h o b i c i t y
Hydrophobicity values are shown in Table 8.3 and are 
plotted in figures 8.4-8.9,
T a b l e  8 . 3 .  H y d r o p h o b i c i t y  o f  n a t i v e  a nd  EDC m o d i f i e d  BSA
Hydrophobicity values
Samples Undenatured 2 0 m g lit
BSA 1136 1594
EDC 1421 1782
BUT3 1642 1573
BUT4 1375 1525
PUT1 1309 1257
PUT2 1210 1370
L YS1 1382 1280
L YS2 1233 1570
Measured in the undenatured state, all EDC modified 
samples had increased hydrophobicity compared to BSA which 
was consistent with the blocking of acid groups by this 
reaction. All the extensively modified samples i.e. those 
that had been left to react for 4 days (BUT4, PUT2, LYS2) had 
lower hydrophobicity values compared to samples BUT3, PUT1 
and LYS1 respectively. The reason for this is unknown. In 
the undenatured state butylated samples had high 
hydrop hobicities consistent with the attachment of a highly 
hydrophobic butyl side chain.
8.3.6. Electrophoresis
8.3.6.1. Isoelectric focusing
The changes in the isoelectric point of butylated BSA
are shown in Table 8.4.
Table 8.4. Changes in the isoelectric point after EI
modi fication
Pi
Sam pi e Range of Products Major Bands Minor bands
and Notes
BSA 4.4-5.2 5.0 4.45, 4.65
EDC 6.45-6.65 6.75 D enatur ed
BUT1 8.3-8.45 None Very denatured
BUT2 8. 3-8. 4 None Very denatured
BUT3 8.45-9.25 9.0 Denatured
BUT4 8.45-9.3 9.15 Denatured
PUT1 7.5-7.8 7.5 Denatured
PUT2 8.45-9.3 9.0 Denatured
L YS1 7.6-9.5 8.2 8.6 Denatured
L YS2 8.0-9.15 9.0 Denatured
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EDC-modification resulted in much higher pi values. 
This result was predictable since EDC reacted with acid 
groups rendering the protein more positive.
8.3.6.2. Non-dissociating polyacrylamide gel electrophoresis 
(Natlv e-PAGE)
Due to the positive nature of the samples the standard 
non-dissociating PAGE could not be used since the samples did 
not enter the gel and therefore a basic system was used as 
described in section 2.3.5.3. The results from this native- 
basic-PAGE are given in Table 8.5.
Table 8.5. Non-dissociating basic PAGE results for native and 
EDC modified BSA
S amples Revalues
Main Band Minor Bands 
BSA 0.39-0.43 0.25 , 0.44
EDC 0.6 9- 0. 7 2 0.4 0 -0.4 4, 0. 1 6 , 0. 2 5
BUT1 -*
BUT2 -*
BUT3 0.6 5- 0. 7 0 0. 3 9 - 0.4 3, 0. 1 6 , 0.26
BUT4 0.7 2- 0.7 4 0.42 - 0.44 , 0.1 6 , 0.2 6
PUT1 0. 7 5 -0. 7 8 0.40 - 0. 4 4, 0. 1 6 , 0. 26
PUT2 0.6 9 - 0.7 2 0.39 - 0.4 3, 0. 1 6 , 0.2 2 - 0. 2 7
LYS1 0.72 0.40-0.45, 0-0. 12 , 0.26
LYS2 0.73 0.40-0.45 , 0-0.12, 0.26
* Butylated samples (BUT1 and BUT2) did not migrate through 
the polyacrylamide gel due to the degree of denaturation in 
these s amp 1 es.
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The positive PAGE method separated many bands and 
clearly showed the increased positive nature of the EDC 
modified samples. The percentage changes in the major band 
had increased between 65 and 87% over the BSA control. The 
EDC modified samples still contained, however, a band 
corresponding to the native BSA band. In samples BUT3, BUT 4 
and LYS1, L YS2 the percentage increase in the major bands 
(65, 78, and 76, 78 respectively) followed the extent of 
reaction but this was reversed for samples PUT1 and PUT2.
8 . 3 o 6 . 3 .  Dissociating polyacrylamide gel electrophoresis 
(SDS-PAGE)
EDC modified samples were examined by the standard 
method for SDS-PAGE and the results are given in Table 8.6. 
Table 8.6. Dissociating PAGE results for native and EDC 
modified BSA in kiloDaltons (kD)
Samples Relative Molecular Mass (RMM)
BSA 70-90
EDC 70-110
BUT1 -*
BUT2 -*
BUT3 52-70
BUT4 47-70
PUT1 58-73
PUT2 47-77
LYS1 70-85
LYS2 7 0- 73
* As was shown in the Native-PAGE results butylated samples 
(BUT1 and BUT2) were denatured and did not enter the 
polyacrylamide gel.
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Only the EDC control showed a greater RMM than the BSA 
sample. The other EDC modified samples had decreased RMM 
which was not expected by the attachment of small molecules. 
All samples showed bands near the origin corresponding to 
polymers but EDC-modified samples showed many more bands than 
native BSA.
8 . 3 . 7 *  A m i n o  a c i d  c o m p o s i t i o n .
The amino acid analysis results are shown in Table
8 . 7 .
2 08
concentration yg/ml
T a b l e  8 . 7 .  A m i n o  a c i d  c o m p o s i t i o n  o f  n a t i v e  and  EDC m o d i f i e d
BSA
BSA EDC BUT1 BUT2 PUT1 PUT2 L YS1 L YS2
ASP 8.26 7.8 7 7.5 7 7.54 8.09 8.95 8.1 3 7.7 7
GLU 10.20 9.98 12.64 13.10 1 0.26 13.47 10.6 5 8.63
SER 2.68 2.64 3.23 3.24 2.96 3.56 2. 7 7 2.70
GLY 1.66 1.6 1 1.61 1.52 1.15 1.05 1.6 2 1.76
HIS 4.96 4.55 3.46 3.7 7 4.6 4 4.02 4.6 4 5.13
ARG 4.77 5.97 3.83 4.0 1 4.99 4.83 4.75 5.4 7
THR 5.38 6.93 4.6 0 4.88 4.7 1 4.87 4.85 4.92
ALA 6.03 2.19 4.42 4.6 1 6.27 5.09 5.53 6.75
PRO 3.11 0.3 8 3.39 3.86 4.80 4.01 2.87 3.32
TYR 3.89 3.42 3.12 3.1 2 3.6 3 3.70 3.5 2 2.73
VAL 4.22 3.88 4.3 0 4.45 3.66 4.23 4.00 3.76
MET 0.6 8 0.94 0.6 5 0.4 7 0.69 0.64 0.94 1.2 1
CYS 3.72 4.47 2.75 3.43 3.89 1.07 4.02 4.53
I LEU 1.5 8 1.55 1.78 1.86 1.70 1.9 1 1.83 1.47
LEU 8.60 8.3 7 7.72 8.40 9.45 8.7 1 8.20 8.91
PHE 1.44 1.40 4.3 0 4.84 2.1 4 1.84 1.5 1 2.66
TRP 0.66 0.70 2.05 2.1 1 1.01 0.6 1 0.6 1 1.45
LYS 9.27 9.33 8.06 9.6 3 9.04 9.18 10.00 25.09
During the hydrolysis procedure it was probable that 
butylamine and putrescine evaporated and therefore there was 
little change in the amino acid composition of these 
samples. The reason for the small increases shown in the 
phenylalanine and tryptophan content of samples BUT1 and 
B U T 2 is unknown. The percentage increases in the lysine 
contents of samples LYS1 and LYS2 were 8 and 171% 
respectively.
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8.3.8. Functional property tests
8.3.8. 1. Whipping properties
The percentage foam expansion and foam liquid stability 
of native and EDC modified samples are shown in figures 8.10- 
8.15. These show clearly that butylated samples BUT1 and BUT2 
and sample LYS1 had improved foam expansion and foam 
stability compared to native BSA whereas other samples had 
inferior whipping properties.
8. 3 .8.2. Emulsification.
Emulsions containing 0.25% (w/w) protein were
subjected to 4 weeks storage and centrifugation trials. All 
emulsions separated following centrifugation and modified 
samples separated on storage. The percentage creaming of 
samples is shown in Table 8.8.
Table 8.8. Stability of native and EDC modified BSA 
emulsions containing 0.25% (w/w) protein and 25% (w/w) oil.
% Creaming
Sample Time 0 2 week storage 4 week storage Centrifugation
BSA 0 39 40 34
EDC 0 42 45 31
BUT1 0 57 58 33
BUT2 0 68 70 37
BUT3 0 40 40 33
BUT4 0 39 40 3 1
PUT1 0 40 40 33
PUT2 0 38 41 33
L YS1 0 39 39 33
L YS2 0 39 40 31
210
There was very little difference in the emulsion 
stability between native and EDC modified samples except in 
the butylated samples BUT1 and B U T 2. These denatured 
samples formed less stable emulsions and the extent of the 
decrease in emulsion stability correlated with the extent of 
the modification.
8.3.8.3. Gelation
The gelling properties of (8% (w/w) protein) EDC 
modified solutions, heated at 95°C for 35 minutes were 
examined and the results are shown in Table 8.9.
Table 8.9. Gel strengths of native and EDC modified BSA.
Sample Gel strength (g) Breaking Strength Cohesiveness
at 6mm a t  12mm
BSA
UFBSA
EDC
BUT1
BUT3
PUT1
L YS1
LYS2
Compression Compression
2 81±85 
15±4
3 54±46
51±2 3 6 7 2±117
124±196 76U112
118147 
2 2516 3 
65121
(9)
20341548
97127
6501130
287180
311+43
8271232
(mm)
1U0.7 
10+0.4 
8+0.7 
1210 
1210 
9U.1 
7 + 0.6 
1110.6
All the EDC modified samples had reduced gel strength 
compared to BSA but had improved gelation properties 
compared to the ultrafiltered control (UFBSA). The 
extensively modified samples BUT2, BUT4, and PUT2 did not 
gel .
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8 . 4 .  D i s c u s s i o n
8.4.1. Extent of reaction
A single test to identify the extent of the reaction 
was not applicable to these samples. The reactions for the 
attachment of increasing amounts of the various nucleophiles 
were carried out for 2 4 h rs and 4 days and most results 
confirm that this was achieved. The number of acid groups 
that react with EDC is dependent on their accessibility, and 
therefore for complete reaction, the assay is u s ual ly c a r ri ed 
out in the presence of a denaturant, such as normally 7.5M 
urea or 6M guanidine hydrochloride (Carraway and Koshland,
1972). However, in this study denaturants were not used as 
total modification was not required for this work and the 
presence of denaturants was considered undesirable for the 
study of functional properties. The reactions of 
carbodi imi des have been shown to be affected by solvent, 
temperature, time, pH, the presence of catalysts and the 
nature of the carbodiimide. EDC is a water soluble 
carbodiimide and therefore reacts preferentially with acid 
groups on the aqueous hydrophilic surface of the protein 
molecule, whereas carbodi imi des such as N, N ' ~ 
dicyclohexylcarbodiimide, which is hydrophobic penetrate the 
hydrophobic regions of the protein to react with interior 
acid groups (Nalecz _et a 1 . , 1986). Voutsinas and Nakai
(1979) examined many of these factors in association with 
the attachment of methionine a nd t t ry p to ph a n to soy protein.
In the literature it is mainly the ratios of reactants 
which were altered to achieve different levels of 
modification. Rehfield (1972) employed EDC mediated
condensation to produce antibodies using different ratios of 
EDC to protein. Peptides conjugated with a low molar ratio 
of EDC to protein (peptide: protein: EDC 1:0.0067:42) proved
antigenic whereas excess EDC (peptide: protein: EDC of
1:0.0067:800) resulted in a product which was not antigenic. 
It was thought that the presence of excess EDC caused cross- 
linking of the protein resulting in gross deformation of the 
native structure. This phenomenon may have occurred in the 
EDC control.
Hoare and Koshland (1967) studied the rates of 
reactions between carbodiimides and proteins and showed that 
the size of the nucleophile was important. Thus the larger
molecules limited the rate of reaction presumably due to
steric or electrostatic hindrance. It seems likely 
therefore, that the attachment of lysine in this study 
occur ed more slowly than that of putrescine or butylamine.
8.4.2. Protein concentration
The binding of Coomassie blue was decreased in the 
modified samples due to decreased negative charge, indicating 
that dye binding methods are not suitable for the measurement 
of protein concentration in many modified proteins. 
Spectrophotoinetric determination at 2 8 0nm was found to be 
more reliable in these samples and this has been confirmed in 
the literature (Armstrong and McKensie, 1967)
8.4.3. Sulphydryl groups
Although carbodiimide mediated condensation was first
published as selective for carboxyl groups (Sheehan and 
Hess, 1955; Hoare and Koshland, 1966), it has since been 
shown to react with sulphydryls (Carraway and Triplett, 
1970) and tyrosine residues (Carraway and Koshland, 1968). 
The extent of the side reaction with sulphydryl groups 
correlated with the length of reaction time in butylated and 
polylysyl BSA. The percentage reduction in free sulphydryl 
was in the range of 10-60% which was much less than the 95% 
reduction in BSA sulphydryls reacted in the presence of 8- 
mercaptoethanol (Carraway and Triplett, 1970).
8 o4 . 4 .  Amino groups
The method used for butylation influenced the reaction 
of amino groups. This may have been due either to the 
denaturation that occurred during preparation, exposing 
internal amino groups, or to the fact that the reacting 
species were different i.e. butyl amine salt or the free 
base. It was found that if butyl amine was converted to its 
salt prior to reaction (by altering the pH) the number of 
free amino groups was reduced in the resultant protein 
comp ared to the number present as a result with the reaction 
of the free base. The reason for this finding is unknown 
but a possible explanation is that the amino salt (NHg^Cl”) 
was less available for reaction than the free amino group 
and therefore carboxyl groups on the protein reacted with 
protein amino groups inter- or intra- mol ecul arly 
preferentially. This is likely to have occurred in the 
absence of a nucleophile as in the EDC control and in the 
addition of putresci ne since the hydrochloride derivative 
was used.
The addition of lysine resulted in an increased number 
of free amino groups in the resultant protein as expected and 
indicated an attachment of lysine so that 19 and 51 amino 
groups were exposed. If all lysine residues were attached via 
one amino group these figures would indicate the number of 
lysine residues attached. However, lysine residues may be 
attached via one or more amino groups or through its 
carboxyl group thereby blocking a protein amino group. The 
addition of lysine residues via one amino group is 
considered to be the favoured route since the increases in 
amino groups correlated with the length of reaction time.
8 . 4 . 5 .  pH T i t r a t i o n
The pH titration curves for BUT4, PUT1 and PUT2 all 
gave similar curves to those shown by Ma and Holme (1982) 
for EDC modified egg albumen with attached glycine methyl 
ester. All these curves showed a lower pH reading for the 
same amount of added acid compared to the native protein. 
This resulted from modification of blocking acid groups so 
that they were not available for titration.
The attachment of lysine via one or more amino groups 
to a protein carboxyl would not alter the number of acid 
groups available for titration since the lysine carboxyl 
would replace the protein carboxyl. This appears to be true 
for sample LYS1 where there was little difference between the 
modified and native titration curves. Amino groups were not 
detectable by these titrations since the pK of amino groups 
is approximately 10 and their titration would be above the pH 
range used.
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The titration curves for EDC, L Y S 2 and BUT1 and BUT2 
gave a stepped appearance similar to that of succinylated 
proteins. However, the steepest part of the curve was at pH 
6-7 as opposed to pH 4-5 which corresponded to the pK of acid 
groups in samples SgQ and S 8 2 * These curves may have 
resulted from the extensive attachment of residues or cross- 
linking limiting the normal N-F shift of native BSA, and the 
buried carboxyls titrated at unusually high pK values due to 
their limited accessibility.
8.4 .6o  H y d r o p h o b i c i t y
The hyd rop ho bi c i ty results obtained in the undenatured 
protein support the conclusion that the main outcome of the 
reactions between EDC, BSA and the various nucleophiles is 
the attachment via carboxyl groups on the protein, since the 
blocking of acid groups would be expected to increase the 
protein hydrophobicity. However, the curves are not linear 
and so the gradients of the plots may be misleading and few 
of these results show increasing hydrophobicity correlating 
with the length of reaction time. The measurements made in 
the presence of SDS were more linear but do not show a clear 
pattern. Ma and Holme (1982) carried out hydrophobicity 
measurements in the presence of SDS on egg albumen and an 
EDC modified sample with attached glycine methyl ester and 
found no change in the hydrophobicity. Mattarella and 
Richardson (1983a) measured the hydrophobicity of ami dated 
8-lactoglobul in using the two fluorescent probes CPA and ANS 
in the presence of 20mg litre-1 SDS and showed a large 
increase in the hydrophobicity of the modified sample 
compared to the native protein.
8 . 4 . 7 .  El  e c t r o p h o r e s i s
8.4.7.1. Isoelectric focusing
The isoelectric points indicated the extent to which 
the modification had altered the overall protein charge. All 
EDC modified samples had isoelectric points that were 
dramatically different from the native BSA sample and in all 
samples the pi increased with the length of reaction time. 
Similar findings have been reported in the literature. Ma 
and Holme (1982) showed a change in pi from 4.65 for native 
egg albumen to 4.90 for the EDC modified sample. Amidation 
of acid groups with EDC has been shown to have the same 
effect of increasing pi, as shown by Mattarel1 a and 
Richardson ( 1983b) in 0-1 a ct og 1 obul i n (9.8 compared to 5.2).
The overall protein charge arose from the ratio 
between the number of free acid to amino groups. Butylation, 
in terms of protein charge produced a loss of one acid group, 
whereas, the addition of putrescine resulted in the blocking 
of one acid group and the generation of one amino group. 
Therefore the addition of each butylamine and putrescine 
molecule could be considered as the alteration of charge of 
+ 1 and +2 respectively. The attachment of lysine resulted in 
the blocking of a terminal acid group and the generation of 
both an amino and an acid group so an overall charge change 
of +2 had occurred. If the extent of the reaction had been 
the same in all three cases the changes in charge would be 
expected to be less for the butylated samples compared to the 
other two samples. However, this was not the case. The 
reason that butylated samples were not the least positive
samples may be due to either inter- or i nt ra-mol ecul ar cross- 
linking or to the increasing size of the nucleophiles thus 
limiting attachment as was suggested by Hoare and Koshland 
(1967) and discussed in section 8.4.1.
8.4.7.2. Non-dissociating discontinuous polyacrylamide gel 
electrophoresi s
The electrophoresis method for positive proteins 
proved suitable for the separation of the EDC modified 
samples, except where the samples were highly denatured and 
did not migrate from the point of loading. The modified 
samples showed a band of lower mobility than BSA which may 
mean that cross-linking occurred forming high molecular 
weight polymers. The arguments concerning relative changes 
in protein charge put forward in section 8.4.7.1, that if 
the extent of reaction was similar, butylated samples should 
be the least positive of the modified samples, apply to 
these results also and may account for the lowest R f value 
in sample BUT3. However, in general the percentage changes 
in the modified s am pies are similar, suggesting that the 
changes in charge and molecular weight were compromised by 
the covalent attachment of nucleophiles of increasing size 
(Hoare and Koshland, 1967).
8.4.7.3. Dissociating discontinuous p o 1 y a c ry am i d e gel 
electrophoresis (SDS-PAGE)
The SDS-PAGE results revealed many bands which did 
not enter the resolving gel and that corresponded to large
polymers. Similar results were reported by Timkovich (1977) 
for the separation of EDC modified cytochrome C, lysozyme, 
ribonuclease and myoglobin. In early papers it was generally 
assumed that polymerisation did not occur at low pH or under 
conditions of excess added nucleophile but it has been shown 
to occur even under these conditions and up to 20% of the 
yield in reactions carried out without added nucleophile 
( T i m k o v i c h ,  19 77 ) .
The main bands separated by SDS-PAGE did not follow an 
expected pattern showing the increase in molecular weight by 
the covalent attachment of nucleophiles. It may be that the 
SDS added was not sufficient to swamp the increased positive 
charge in these samples. Although this appears unlikely, 
since there would be a strong electrostatic attraction 
between the highly negative SDS molecules and these proteins, 
the fact that the samples all had mobilities that were 
opposite to the extents of reaction offers further weight to 
the insufficent SDS theory.
8.4.8. Amino acid analysis
The amino acid analysis results for samples BUT1, 
BUT2, PUT1 and PUT2 did not show many significant changes 
from native BSA.
It has been shown that phenols react with EDC to form 
either an 0-arylisourea or an N-arylurea derivative which 
are both stable to acid hydrolysis and result in reduced 
tyrosine levels (Carraway and Koshland, 1968). In this 
study tyrosine levels were reduced in all EDC modified 
samples, but only to a minor extent, suggesting that side
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reactions of these residues with EDC had occurred to a 
limited extent. Similar results are also given by Voutsinas 
and Nakai ( 19 79), but were not commented on.
The increases in the lysine content of samples LYS1 
and LYS2 can be calculated as the addition of 5 and 71 
residues respectively. The increase in amino acids is the 
favoured method for assessing the extent of the reaction in 
studies where the nucleophile is an amino acid (Voutsinas 
and Nakai, 1979; Ma and Holme, 19 82).
8.4.9. Functional property tests
8.4.9.1. Whipping properties
In both the butylated samples BUT1 and 8UT2 and lysyl 
modified samples, the increases in foam expansion were 
greatest in the least modified samples (BUT1 and LYS1) 
compared to the extensively modified samples (8UT2 and LYS2) 
which may be due to two reasons. Firstly, extensive 
modification may have caused conformational changes, such as 
a reduction in the degree of alpha helix, which are 
detrimental to foaming properties. Secondly, the partially 
modified samples had isoelectric points which were closer to 
neutrality and this may result in more electrostatic 
interactions between molecules. The denatured butylated 
samples (BUT1 and BUT2) showed enhanced foaming properties 
compared to samples BUT3 and BUT4 and the latter samples 
also gave inferior whipping properties compared to BSA which 
correlated with the length of reaction time. The pattern of 
results for samples PUT1 and PUT2 reflected those of BUT3 
and BUT4 showing reduced foaming properties which correlated
with the extent of the reaction. It must be pointed out 
that the increased hydrophobicity of butylated samples did 
not confer improved whipping properties over the other 
s amples.
The EDC control had increased foaming properties 
compared to native BSA. This may be explained by an increase 
in electrostatic interactions that occurred in samples with 
pi's around neutrality. Additionally the absence of a 
nucleophile caused cross-linking resulting in exposure of 
interior hydrophobic groups and enhanced foaming.
8.4.9. 2. Emul sif icati on
Denatured, butylated samples showed poor emulsion 
stability after centrifugation and storage, the extent of 
which correlated with the length of reaction time. The 
emulsification properties of the other EDC modified samples 
were similar to those of the BSA control, which suggested 
that overall protein charge did not play a major role in the 
stability of emulsions. Mattarella and Richardson (1983a) 
showed slightly reduced emulsion activity for ami dated 3 - 
1 actogl obul i n compared with native 3 - 1 a c t og 1 o bu 1 i n. The 
separation of oil after heat treatment of the emulsions was 
taken as emulsion stability but there was no difference 
between amidated and native samples.
8.4.9.3. Gel ation
The gelation results paralleled the whipping results in 
that the EDC modified samples BUT1, BUT3, PUT1 and LYS1
gelled whereas the extensively modified samples (BUT2, BUT4, 
PUT2 and LYS2) gelled less readily. Thus the same reasons 
are offered in explanation, of increased electrostatic 
interactions in the former samples or conformational changes 
in the extensively modified samples. In addition, the 
attachment of butyl amine side chains, which theoretical1y 
increased the hydrophobic nature of the protein, conferred 
improved gelling properties compared to the ultrafiltered 
control sample. However, the butylated samples were not 
improved compared to the other EDC modified samples. 
Decreased gelling properties have been quoted for EDC 
modified pepsin with attached glycine methyl ester (Ma and 
Nakai, 19 79). However, protein treatment with c ar bod i i m i d es 
in the absence of any nucleophile was shown to cause gelation 
of gelatin due to cross-linking by amide formation (Sheehan 
and Hlavka, 1957). The samples which had been butylated 
under denaturing conditions may have opened the hydrophobic 
centre of the molecule resulting in the exposure of 
hydrophobic and amino groups.
8.5 Conclusion
The covalent attachment of small molecules using EDC 
modified condensation reactions resulted in proteins with 
considerably higher isoelectric points than native BSA. Thus 
the aim to produce proteins with a higher overall positive 
charge was achieved. However, a highly positively charged 
protein did not result in appreciably improved functional 
properties, over the native protein, as expected. It 
appeared likely that firstly, the highly positive proteins
repelled adjacent molecules and improvements in functional 
properties were obtained only if the range of protein charges 
was around neutrality as in limited modification (BUT1, PUT1, 
LYS1). Secondly, that extensively modified samples may have 
undergone conformational changes such as the reduction in 
alpha helix, which are required for foam or gel formation.
The conclusion that it is the mixture of positive and 
negative proteins which confers good functional properties 
has been put forward in recent publications (Poole et al., 
1984, 1986, 1987; Taylor, 1988). Thus the effect of highly 
positive proteins, which have been produced by EDC 
modification, on a negatively charged protein produced by 
succinylation should allow an opportunity to test this 
hypothesis and is discussed in the following chapter.
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I n t e r a c t i o n s  bet ween n a t i v e  and modi f i e d  p r o t e i n s
C h a p t e r  9
9 . 1  I n t r o d u c t i o n
The i n t e r a c t i o n s  b e t we e n  p r o t e i n s  can make a maj or  
c o n t r i b u t i o n  i n t h e  s e a r c h  f o r  s y s t e m s  wi t h  i mpr ove d  or  
novel  f u n c t i o n a l  p r o p e r t i e s .  A c o m p r e h e n s i v e  r e v i e w  of  
p r o t e i n - p r o t e i n  i n t e r a c t i o n s  i s  g i v e n  by Howel l  ( 1 9 8 9 ) .  
Howell  and L a w r i e  ( 1 9 8 4 )  exami ne d t h e  i n t e r a c t i o n s  o f  egg  
albumen and pl asma in g e l l i n g  s ys t ems  s i m i l a r  to t h o s e  used 
in t h i s  s t udy .  At l ow t e m p e r a t u r e s ,  v i s c o s i t y  v a l u e s  of  
mi xt ures  were l o we r  than t he  a d d i t i v e  val ues  c a l c u l a t e d  for  
each c o n s t i t u e n t ,  i n d i c a t i n g  a n e g a t i v e  i n t e r a c t i o n .  
However,  a p o s i t i v e  i n t e r a c t i o n  was s hown f o r  m i x t u r e s  
heat ed t o  h i g h e r  t e m p e r a t u r e s  r e s u l t i n g  i n i n c r e a s e d  ge l  
s t r e ng t h  v a l u e s  ( Ho we l l  and L a w r i e ,  1 9 8 4 ;  1 9 8 5 ) .  Sat o  et  
a l . ( 1 9 7 7 )  d e s c r i b e d  a p o s i t i v e  i n t e r a c t i o n  b e t w e e n
ovalbumin and k - c a s e i n  when h e a t e d  t o  7 0 - 8 0 ° C .  T h e i r  
s t u d i e s  l ed t o t he  c o n c l u s i o n s  t ha t  c o nf or mat i ona l  changes  
in oval bumi n were r e qui r e d  f or  i n t e r a c t i o n .  The bl oc ki ng  of  
amino groups v i a  a c y l a t i o n  i n h i b i t e d  i n t e r a c t i o n s  w h i l s t  t he  
bl ocki ng  of  s ul phydryl  groups us i ng N- e t h y l ma l e i mi d e  and p- 
c h l o r o me r c ur i be nz o i c  a c i d  had no e f f e c t  on t h e  i n t e r a c t i o n .  
Pool e  s t u d i e d  t h e  i n t e r a c t i o n  o f  p o s i t i v e  and n e g a t i v e  
pr o t e i ns  duri ng f oami ng ( Pool e  _et a l . , 1 9 8 4 ;  1 9 8 6 ;  1 9 8 7 )  and
in h e a t  s e t  g e l s  ( P o o l e  _et_ a 1 . , 1 9 8 7 ) .  The work o r i g i n a t e d  
from t h e  f a c t  t h a t  t h e  f o a mi n g  of  egg a l bume n p r o t e i n s  has  
been shown t o  be d e p e n d e n t  on t h e  i n t e r a c t i o n s  b e t w e e n  t h e  
p o s i t i v e  p r o t e i n  c o mp o n e n t  namel y  l y s o z y m e  and r e ma i n i n g  
n e g a t i v e l y  charged component s -  mai nl y oval bumi n,  conal bumi n  
and o v o mu c i n  ( E h r e n p r e i s  and W a r m e r ,  1 9 5 6 ;  S a u t e r  and 
Montoure,  1 9 7 2 ) .  The f u n c t i o n a l  p r o p e r t i e s  of  BSA have been
2 4 0
shown t o i mpr ove  i f  s u p p l e me n t e d  wi t h  l y s o z y m e  or a n o t h e r  
b a s i c  p r o t e i n  ( c l u p e i n e )  ( P o o l e  erf aj_i» 1 9 8 4 )  and t h e  
improvement c o r r e l a t e d  wi t h  t he  i nc r e a s e  in p o s i t i v e  charge  
on t h e  p r o t e i n .  Howe ve r ,  t h e  s y s t e m was not  s i m p l e  s i n c e  
the a d d i t i o n  of  b a s i c  p r o t e i n s  did not  e n h a n c e  t h e  f o a mi n g  
pr o p e r t i e s  of  oval bumi n or egg albumen.
Tayl or  ( 1 9 8 8 )  e x a m i n e d  t h e  i n t e r a c t i o n  b e t w e e n  
e x t e n s i v e l y  ami dat ed BSA (pi  range 6 . 25- 9. 10)  and n a t i v e  BSA 
and f ound e nhanc e d f o a mi n g  p r o p e r t i e s  f o r  t h e  m i x t u r e  at  
neut ral  pH at  a r a t i o  of  1:1.  Reduced p r o p e r t i e s  were shown 
when t h e  r a t i o s  we r e  a l t e r e d  t o  i n c r e a s e  t h e  amount  o f  b a s i c  
p r o t e i n.
The aim o f  t h i s  s t u d y  was  t o  i n v e s t i g a t e  t h e  
i n t e r a c t i o n s  b e t w e e n  p o s i t i v e l y  and n e g a t i v e l y  c ha r g e d  
p r o t e i ns  t o  a s s e s s  w h e t h e r  t h e  c o m b i n a t i o n  of  t h e  mo s t  
n e g a t i v e  and t h e  mos t  p o s i t i v e  p r o t e i n s  t h a t  we r e  pr oduc e d  
r e s u l t e d  in a sys t em wi t h s u p e r i o r  f u nc t i o n a l  p r o p e r t i e s .
9 . 2 .  M e t h o d s
The i n t e r a c t i o n  bet ween p o s i t i v e  and n e g a t i v e  p r o t e i n s  
was examined by t he  a s s e s s me nt  of  the f u n c t i o n a l  p r o p e r t i e s  
of  mi xt ures  of  n e g a t i v e l y  charged s u c c i n y l a t e d  or t h i o l a t e d  
BSA wi t h t he  p o s i t i v e  d e r i v a t i v e  EDC modi f i e d  po1y l ys y l - BSA.  
F i r s t l y ,  a sampl e  of  e x t e n s i v e l y  s u c c i n y l a t e d  BSA was made,  
in t he  same way as Sg2 , ( S e c t i o n  3.2.1)  which c a r r i e d  a hi gh 
ne g a t i v e  c h a r g e .  S e c o n d l y ,  a s a m p l e  o f  e x t e n s i v e l y  
t h i o l a t e d  BSA (THI 1) was o b t a i n e d  as i n s e c t i o n  6 . 2 . 1 ,  and 
f i n a l l y  a p o s i t i v e l y  c h a r g e d  s a m p l e  o f  EDC m o d i f i e d  
p o l y l ys y l - BSA (LYS2) was s y n t h e s i s e d  ( S e c t i o n  8 . 2 . 1 ) .  The 
f unc t i o na l  p r o p e r t i e s  of  t h e s e  p r o t e i ns  were exami ned al one
9 d l
and in 5 0 : 5 0  m i x t u r e s  of  e i t h e r  S g 2 or THI 1 w i t h  e i t h e r  BSA 
or LYS2 at  n e u t r a l  pH.
9 . 3 .  Res ul t s
9 . 3 . 1 .  Whipping p r o p e r t i e s
The p e r c e n t a g e  foam e x p a n s i o n  and l i q u i d  s t a b i l i t y  
r e s u l t s  a r e  s h o w n  i n  f i g s  9 . 1 .  t o  9 . 4 .  A p o s i t i v e  
i n t e r a c t i o n  was  shown o n l y  f o r  t h e  BSA/LYS2 m i x t u r e  a l o n e .  
The ot her  sampl es  showed l i t t l e  change.
9 . 3 . 2 .  Ge l a t i o n  p r o p e r t i e s
The g e l l i n g  p r o p e r t i e s  o f  6% ( w / w )  p r o t e i n  g e l s  
c o nt a i n i ng  45% (w/w)  s u c r o s e  formed a f t e r  heat  t r e a t me nt  at  
95°C f o r  35 mi n,  a r e  g i v e n  i n Ta b l e  9 . 1 .  U n l i k e  t h e  BSA 
c o n t r o l ,  and t h o s e  l i s t e d  in Tabl e 9.1 sampl es  s 8 2 ’ $82/BSA» 
S82/LYS2,  THI 1 and THI 1/BSA di d not  g e l .
Tabl e  9 . 1 .  Gel  s t r e n g t h s  f o r  n a t i v e  and p o l y l y s y l - B S A  and 
mi x t u r e s .
Samples Gel s t r e n g t h  (g)
12mm Compress i on.  6mm Compress i on
BSA 8 1 3±17 0 2 6±9
UFBSA 13 1±3 7 1 5±4
L YS2 143±6 8 0
BSA/L YS2 5 4 5±4 2 3 0±7
LYS2/THI 1 2 38±7 2 4 6±2 2
None of  t he  sampl es  t ha t  g e l l e d ,  broke on c ompr e s s i on .  The 
n a t i v e  BSA s a mp l e  pr o duc e d  t h e  f i r m e s t  g e l ,  w h e r e a s  t he
2 4 2
u l t r a f i l t e r e d  c o n t r o l  r e s u l t e d  i n  t h e  w e a k e s t  g e l .  Ge l s  
formed from BSA we r e  t r a n s p a r e n t  whe r e as  g e l s  c o n t a i n i n g  
L Y S 2 we r e  w h i t e  i n  c o l o u r .  Ge l s  c o n t a i n i n g  50% of  LYS2 were  
opaque and showed a t endency to s yne res e .
9 . 4 .  Di s c u s s i o n
9 . 4 . 1 .  Whipping p r o p e r t i e s
The r e s u l t s  di d not  show t h e  e x p e c t e d  p a t t e r n  o f  
p o s i t i v e  and n e g a t i v e  p r o t e i n s  i n t e r a c t i n g  to g i v e  improved 
f unc t i o na l  p r o p e r t i e s .
Succi  nyl at ed p r o t e i n s  s h o w e d  i n f e r i o r  f o a m i n g  
p r o p e r t i e s  when pr e s e nt  a l one  and in mi xt ur e s .  The g e n e r a l l y  
hel d t heory of  i nc r e a s e d  e l e c t r o s t a t i c  i n t e r a c t i o n  between  
p o s i t i v e  and n e g a t i v e  p r o t e i n s  d i d  n o t  h o l d  f o r  t h e  
s u c c i n y l a t e d  BSA w i t h  n a t i v e  BSA. T h e r e f o r e  t h e r e  we r e  
ot her  f a c t o r s  i n v o l v e d ,  such as the degree  of  conf or mat i ona l  
change which occurred duri ng sampl e  pr e par at i on  e s p e c i a l l y  
t he  r e duc t i on  in a l p h a - h e l i x ,  t he  exact  pi range or t he  f a c t  
t hat  amino groups were bl ocked.
I n t e r a c t i o n  was  s hown,  h o we v e r ,  b e t we e n  LYS2 and BSA 
i . e .  t he  p o s i t i v e  and n a t i v e  pr o t e i n .  Thi s  i s  in agreement  
wi t h t h e  work r e p o r t e d  by P o o l e  et_ a 1 . ( 19 8 7) who mi xe d a 
sampl e of  EDC modi f i e d  8 - 1 a c t o g l o b u l i n  wi t h a t t ac he d g l y c i n e  
et hyl  e s t e r  r e s i d u e s  and n a t i v e  8 - l a c t o g l o b u l i n  or n a t i v e  
BSA and s h o w e d  i m p r o v e d  f oam e x p a n s i o n  and s t a b i l t y  
p r o p e r t i e s .  I t  shoul d be poi nt ed out  t hat  t he  i mprovement s  
r epor t ed i n t h e  l i t e r a t u r e  ( P o o l e  ejb a 1 . , 1984 ,  1986 ,  1987)  
have been b e t we e n  p o s i t i v e  and n a t i v e  n e g a t i v e l y  c h a r g e d  
p r o t e i ns  and not c h e mi c a l l y  mo di f i e d  n e g a t i v e  p r o t e i n s .  I t
2 4 3
may be i mp o r t a n t  i n t h e  f u t u r e  to make t h e  d i s t i n c t i o n  
between i n t e r a c t i o n s  b e t w e e n  p o s i t i v e  and n a t u r a l l y  
occ ur r i ng  n e g a t i v e  p r o t e i n s  as oppos ed t o  t h e  us e  o f  t h e  
general  term p o s i t i v e  and n e g a t i v e  pr o t e i ns .
There was  l i t t l e  change  i n t h e  wh i p p i n g  r e s u l t s  f o r  
BSA and THI 1 m i x t u r e s  or  BSA and S g 2 m i x t u r e s  w h i c h  
i n d i c a t e d  t h a t  a m i x t u r e  of  p o s i t i v e  and n e g a t i v e  p r o t e i n s  
wi l l  not n e c e s s a r i l y  have good foaming p r o p e r t i e s .
The n e g a t i v e l y  c h a r g e d  p r o t e i n s  used a r e  n e g a t i v e  
becaus e  t h e  amino g r o ups  have  been b l o c k e d ,  l i k e w i s e  t h e  
p o s i t i v e  pr o t e i ns  have hi gh pi va l ue s  because  of  t he  bl ocked  
aci d or at t ached amino groups.  I t  t h e r e f o r e  appears  t ha t  i t  
i s  t h e  i n t e r a c t i o n  of  t h e  a v a i l a b l e  ami no gr oups  and not  
o v e r a l l  p r o t e i n  charge  which i s  t he  mechanism of  a s s o c i a t i o n  
between m o l e c u l e s  t h a t  r e s u l t s  i n  i m p r o v e d  f o a m i n g  
p r o p e r t i e s .
9 . 4 . 2*  Ge l a t i o n  P r o p e r t i e s
The i n t e r a c t i o n  shown b e t w e e n  LYS2 and BSA d u r i n g  
foaming was not  a p p a r e n t  i n g e l a t i o n .  N a t i v e  BSA pr oduc e d  
t he  f i r me s t  gel  whereas  t he  mi x t ur e  of  BSA and LYS2 r e s u l t e d  
in gel  s t r e ng t h  appr o x i ma t e l y  ha l f  way bet ween t ha t  of  BSA 
and LYS2 al one.  These r e s u l t s  are in agreement  wi t h a s tudy  
by Johns on and Zabi k ( 1980)  who e x a mi ne d  t h e  g e l a t i o n  
p r o p e r t i e s  of  l y s o z y m e ,  g l o b u l i n s ,  c o n a l b u mi n ,  o v a l b u mi n ,  
and ovomucoid s i n g l y  and i n mi x t ur e s .  The gel  s t r e n g t h s  of  
a l l  m i x t u r e s  ( i n  t h e  r a t i o  1: 1)  we r e  i n t e r me d i  a t e l y  p l a c e d  
between t ho s e  of  t he  two components  g e l l e d  s e p a r a t e l y .  The 
reason t hat  na t i v e  BSA produced the f i r me s t  gel  compared to
2 4 4
al l  o t h e r  s a m p l e s  t e s t e d  i n t h i s  s t udy  may be  due t o  t h e  
f a c t  t h a t  i t  has  t h e  h i g h e s t  c o n t e n t  of  al p ha - h e l i x  or due 
to the  pr e s e nc e  of  s mal l  mo l e c u l ar  we i ght  i mp u r i t i e s  which 
were removed by u l t r a f i l t r a t i o n .  The i m p u r i t i e s  may have  
i nc l uded d i v a l e n t  c a t i o n s  whi c h we r e  shown t o  i n c r e a s e  
g e l l i n g  p r o p e r t i e s  o f  s u c c i n y l a t e d  p r o t e i n s  ( s e c t i o n
3 . 3 . 8 . 3 ) .  In a d d i t i o n ,  u l t r a f i l t r a t i o n  may have d e n a t u r e d  
t he  pr o t e i n  by shear .
S u c c i n y l a t e d  p r o t e i n s  we r e  shown t o  have  i n f e r i o r  
g e l l i n g  p r o p e r t i e s  bot h  when g e l l e d  a l o n e  and when mi xed  
wi t h o t h e r  p r o t e i n s .  Howe l l  and La w r i e  ( 1984)  no t e d  poor  
g e l l i n g  p r o p e r t i e s  wh e n  h i g h l y  n e g a t i v e l y  c h a r g e d  
s t a b i l i s e r s  ( s odi um a l g i n a t e  and c a r r a g e e n a n )  we r e  mi xed  
wi th plasma.
The reason t ha t  s u c c i n y l a t e d  pr o t e i ns  did not gel  even 
when mi xed wi t h  a h i g h l y  p o s i t i v e  p r o t e i n  may be due t o  a 
conf ormat i onal  change such as a r e duc t i on i n t he  al pha h e l i x  
c o nt e nt  or t h a t  ami no gr oups  had been b l o c k e d  ( s e c t i o n
3 . 3 . 8 . 3 ) .  In bot h t h e  m o d i f i c a t i o n s  i n whi c h  ami no g r o ups  
were b l o c k e d ,  t h a t  i s  s u c c i n y l a t i o n  and t h i o l a t i o n ,  t h e  
p r o t e i ns  did not  g e l .  In t h e  o t h e r  m o d i f i c a t i o n s  i n t h i s  
s t udy eg.  in g u a n i d i n a t i o n  ami no gr oups  we r e  c o n v e r t e d  t o  
guani di no  g r o ups  and v a l i n e  was  a t t a c h e d  v i a  t h e  ami no  
group.  There  was no net  c ha ng e  i n t h e  number o f  ami no  
groups f or  e i t h e r  m o d i f i c a t i o n ,  which r e s u l t e d  in improved 
g e l l i n g  p r o p e r t i e s  compared to u l t r a f i l t e r e d  BSA. I f ,  amino 
groups are  i m p o r t a n t  i n t h e  a s s o c i a t i o n  b e t we e n  p r o t e i n s ,  
t h i s  f a c t o r  would e x p l a i n  t he  poor f u n c t i o n a l  p r o p e r t i e s  in 
s u c c i n y l a t e d  and t h i o l a t e d  p r o t e i n s .  Kato _et_ a 1 . ( 1 9 7 5) 
conc l uded t h a t  t h e  ami no gr oups  we r e  e s s e n t i a l  f o r  t he  
a g g r e g a t i o n  of  o v o mu c i n  and l y s o z y m e ,  s i n c e  a g g r e g a t i o n
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di s appe ar e d c o mp l e t e l y  by a c e t y l a t i o n  and s u c c i n y l a t i o n  but  
was not g r e a t l y  a l t e r e d  by g ua n i d i na t i o n  of  t he  amino groups  
of  l ysozyme.  However t he r e  was no d i s c u s s i o n  of  the changes  
in pi c a u s e d  by t h e  m o d i f i c a t i o n s  or o f  c o n f o r m a t i o n a l  
ch a ng e s .
Evi dence  s u p p o r t i n g  t h e  t h e o r y  t h a t  t h e  d e c r e a s e  i n  
a l p h a - h e l i x  c a u s e d  i n f e r i o r  g e l l i n g  p r o p e r t i e s  come s  f rom 
t he  pa t t e r n  of g e l a t i o n  r e s u l t s  in t he  EDC modi f i e d  s ampl es  
(Chapter 8 . 4 . 1 0 . 3 ) .  The p a r t i a l l y  m o d i f i e d  EDC s a mp l e s  
g e l l e d ,  whereas  t he  e x t e n s i v e l y  modi f i e d  s ampl es  did not and 
i t  was c o n c l u d e d  t h a t  t h i s  may have  been due t o  t wo r e a s o n s .  
F i r s t l y ,  e x t e n s i v e  m o d i f i c a t i o n  may h a v e  c a u s e d  
c onf ormat i onal  changes ,  such as a r e duc t i on in t he  degree  of  
a l p h a - h e l i x  and s e c o nd l y  t he  p a r t i a l l y  modi f i e d  sampl es  had 
i s o e l e c t r i c  po i nt s  whi ch were c l o s e r  to n e u t r a l i t y  and t h i s  
may have r e s u l t e d  i n more e l e c t r o s t a t i c  i n t e r a c t i o n s  bet ween  
mol ec ul es  .
The i n t e r a c t i o n s  bet ween t h i o l a t e d  p r o t e i n  and n a t i v e  
or p o l y l y s y l - B S A  i n c r e a s e d  when t h e  d i f f e r e n c e  i n t h e  
p r o t e i n  charges  was i nc r e as e d .  The mi x t ur e  of  BSA and THI 1 
did not  g e l ,  but  THI 1 and LYS2 pr oduc e d a s t r o n g  w h i t e  gel  
compared t o  t h e  u 1 t r a f i 11 e r e d  c o n t r o l  a l t h o u g h  t h e r e  was  
e v i de nc e  o f  s y n e r e s i s .  The f a c t  t h a t  t h e  m i x t u r e  o f  LYS2 
and THI 1 g e l l e d  w h e r e a s  BSA and THI 1 di d n o t ,  s u g g e s t s  
t ha t  the  mo l e c u l a r  a s s o c i a t i o n s  which l ead to g e l l i n g  may be 
i n f l ue nc e d  by o v e r a l l  p r o t e i n  c h a r g e  t o  a g r e a t e r  e x t e n t  
than i n  f o a m i n g .  S i m i l a r l y ,  P o o l e  e t  _a ]_j_ ( 1 9 8 7 ) 
i n v e s t i g a t e d  t he  g e l l i n g  p r o p e r t i e s  of  BSA mi x t ur e s  wi t h t he  
b a s i c  p r o t e i n  c l u p e i n e  at  l ow p r o t e i n  c o n c e n t  r a t i o n s  and 
showed t h a t  a t  l ow c o n c e n t r a t i o n s  c l u p e i n e  i n c r e a s e d  t he
t endency of  BSA t o  g e l .  D i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  
showed t h a t  c l u p e i  ne c a u s e d  a r e d u c t i o n  i n b o t h  t h e  
t emperat ure  and ent hal py of  de na t ur a t i o n  of  BSA. Di g r e g o r i o  
and S i s t o  ( 1981)  a l s o  s howed t h a t  l a r g e  c a t i o n i c  m o l e c u l e s  
promoted the e l e c t r o s t a t i c  c o a g u l a t i o n  of  c as e i n .
9 . 5 .  Conc l us i on
I t  i s  s u g g e s t e d  t h a t  t h e  f u n c t i o n a l  p r o p e r t i e s  of  
p r o t e i ns  ar e  d e t e r m i n e d  by d i f f e r e n t  f a c t o r s .  The f o a mi n g  
p r o p e r t i e s  of  p r o t e i n s  are i n f l u e n c e d  by t he  number of  f r e e  
amino g r o u p s .  I t  s e e m s  l i k e l y  t h a t  t h e  i n t e r a c t i o n s  
occur r i ng  at  t h e  i n t e r f a c e  a r e  b e t w e e n  a mi n o  and a c i d  
groups.  Bl ocki ng  t he  amino groups reduces  both foami ng and 
g e l l i n g  p r o p e r t i e s .  The o n l y  m i x t u r e  whi c h  g e l l e d  and 
i nc l ude d s u c c i n y l a t e d  or t h i o l a t e d  pr o t e i ns  was t he  mi xt ure  
of  THI 1 and LYS2. I t  i s  assumed t hat  t he  i nc r e a s e d  amino 
groups i n LYS2 c o mp e n s a t e d  f o r  t h e  l a c k  o f  ami no g r o ups  i n  
THI 1 and t hat  t he  a d d i t i o n  of  THI 1 c o n t r i bu t e d  n e g a t i v e l y  
charged carboxyl  groups f o r  i n t e r a c t i o n .
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Chapter 10.  
Concl us i  on
1 0 .  C o n c l u s i o n
This  s t u d y  was  d e s i g n e d  t o  e x a mi n e  t he  e f f e c t s  of  
mo d i f i c a t i o n  o f  t h e  t h r e e  mos t  r e a c t i v e  gr oups  i n p r o t e i n s  
namely a mi n o ,  s u l p h y d r y l  and c a r b o x y l  g r o u p s  on t h e  
f u nc t i o n a l  and phy s i c o c he mi c a l  p r o p e r t i e s  of  BSA.
The c o n c l u s i o n s  from t he  s u c c i n y l a t i o n  work i n d i c a t e d  
t hat  f o a mi ng  c o u l d  be  ma r k e d l y  i mpr ove d  i f  t he  m o d i f i e d  
p r o t e i n  was  not  p u r i f i e d  c o r r e c t l y .  The p r e s e n c e  o f  f r e e  
s u c c i n i c  a n h y d r i d e  may have  r e duc e d  s u r f a c e  t e n s i o n  a n d / o r  
at t ached i t s e l f  on t he  BSA mo l e c u l e  which caused i t  to foam 
wel l  and i n t e r a c t  more  at  t h e  i n t e r f a c e ,  r e s u l t i n g  i n  
g r e a t e r  foam s t a b i l t y .  S u c c i n y l a t i o n  b r o u g h t  about  an 
i n c r e a s e  i n t h e  o v e r a l l  n e g a t i v e  c h a r g e  on t h e  m o l e c u l e  
which i n t u r n  r e s u l t e d  i n l o w e r  h y d r o p h o b i c i t y  and t h e  
at tachment  of  s u c c i n i c  anhydr i de  mo i e t i e s  caused mol e c ul ar  
expans i on and a d e c r e a s e  i n  a l p h a - h e l i x .  The i n c r e a s e d  
n e g a t i v e  c h a r g e  on t h e  m o l e c u l e  was t h o u g h t  t o  i n c r e a s e  
e l e c r o s t a t i c  r e p u l s i o n  which reduced mo l e c u l a r  i n t e r a c t i o n s  
l e adi ng  to g e l a t i o n  and s t a b l e  foam and emul s i on f or mat i on .  
In t h e  p r e s e n c e  of  c a l c i u m  i o n s  t h e  g e l l i n g  p r o p e r t i e s  of  
s u c c i n y l a t e d  p r o t e i n s  was s i g n i f i c a n t l y  i nc r e a s e d  compared 
to n a t i v e  BSA.
The c o v a l e n t  a t t ac hme nt  of  t he  hydrophobi c  amino aci d 
v a l i n e  to t he  amino groups r e s u l t e d  in i mproved whi ppi ng and 
g e l l i n g  p r o p e r t i e s  compared to t he  u l t r a f i 1 t ered BSA cont ro l  
but i n f e r i o r  e m u l s i f i c a t i o n  p r o p e r t i e s .  The s he ar i ng  of  t he  
p r o t e i n  i n t h e  wh i p p i n g  p r o c e s s  and t h e  h e a t  i n p u t  d u r i n g  
g e l l i n g  exposed t he  hydrophobi c  groups from t he  i n t e r i o r  of  
t he  m o l e c u l e  e n a b l i n g  g r e a t e r  i n t e r a c t i o n .  I t  was
c ons i de r e d  t h a t  t h e  i n c r e a s e d  h y d r o p h o b i c  i n t e r a c t i o n s  
overcame t h e  s l i g h t  i n c r e a s e  in o v e r a l l  n e g a t i v e  c h a r g e  
r e s u l t i n g  from t h i s  mo d i f i c a t i o n  which l ed to good foami ng  
and g e l l i n g  p r o p e r t i e s .
Di s u l p h i d e / s u l p h y d r y l  groups are known to be i mport ant  
in t h e  d e v e l o p m e n t  o f  g l u t e n  ( E w a r t ,  1 9 7 2 )  and we r e  
c ons i de r e d  by Howe l l  and La w r i e  ( 19 84) and Tombs ( 19 70) t o  
be i mport ant  in t he  g e l l i n g  of  BSA. However,  i n v e s t i g a t i o n  
of  t h e  r o l e  o f  s u l p h y d r y l  g r o u p s  i n  t h e  f u n c t i o n a l  
p r o p e r t i e s  o f  BSA i n t h i s  s t u d y  s howed d i f f e r e n t  r e s u l t s .  
F i r s t l y ,  when t h e  s u l p h y d r y l  gr oup was  b l o c k e d  by t h e  
a ddi t i o n  o f  f r e e  c y s t e i n e ,  i n c r e a s e d  g e l l i n g  but  s i m i l a r  
whi ppi ng p r o p e r t i e s  w e r e  p r o d u c e d  c o mp a r e d  t o  t h e  
u l t r a f i l t e r e d  c o n t r o l ,  and s e c o n d l y  t h e  a t t a c h m e n t  o f  
sul phydryl  groups by t h i o l a t i o n  r e s u l t e d  i n poor f u nc t i o n a l  
p r o p e r t i e s .  Thus f rom t h e s e  r e s u l t s  i t  was c o n c l u d e d  t h a t  
t he  s u l p h y d r y l  gr oup p r e s e n t  i n BSA and added s u l p h y d r y l  
groups did not enhance g e l a t i o n ,  foami ng or e m u l s i f i c a t i o n  
p r o p e r t i e s  of  BSA. The o v e r a l l  p r o t e i n  c h a r g e  was more  
i mportant  t han t h e  number o f  s u l p h y d r y l  gr oups  p r e s e n t ,  as  
t he  h i g h l y  n e g a t i v e l y  c h a r g e d  p r o t e i n s  ( s u c c i n y l a t e d  and 
t h i o l a t e d )  had poor f u n c t i o n a l  pr o p e r t i e s .
Compared t o  n a t i v e  BSA,  g u a n i d i n a t i o n  of  t h e  ami no  
groups r e s u l t e d  in a s l i g h t  i n c r e a s e  in p o s i t i v e  charge  and 
a p a r t i a l  m o d i f i c a t i o n  i mpr o v e d  t h e  g e l l i n g  p r o p e r t i e s  
al though s i m i l a r  wh i p p i n g  and e m u l s i f i c a t i o n  p r o p e r t i e s  
r e s u l t e d .  The EDC-mediated conde ns at i on  r e a c t i o n s  to modi f y  
t he  c a r b o x y l  gr oups  g r e a t l y  i n c r e a s e d  t h e  p o s i t i v e  c h a r g e  
and agai n the p a r t i a l l y  mo di f i e d  sampl es  e x h i b i t e d  improved 
g e l l i n g  and wh i p p i n g  p r o p e r t i e s .  I t  was s u g g e s t e d  t h a t
p a r t i a l  m o d i f i c a t i o n  e nhanc e d  t h e  f u n c t i o n a l  p r o p e r t i e s  
par t l y  due to s ma l l e r  changes  in the c onf or mat i on  compared 
wi t h t he  e x t e n s i v e l y  modi f i e d  sampl es  and becaus e  a charge  
on t h e  m o l e c u l e s  whi c h  was c l o s e s t  t o  n e u t r a l i t y  was b e s t  
f o r  good f unc t i o na l  p r o p e r t i e s .
Al though t h e  i n t e r a c t i o n s  b e t we e n  p r o t e i n s  of  v a s t l y  
d i f f e r e n t  c h a r g e  wa s  e x p e c t e d  t o  c a u s e  i n c r e a s e d  
e l e c t r o s t a t i c  a t t r a c t i o n  and r e s u l t  in d r a ma t i c a l y  improved 
foaming p r o p e r t i e s ,  onl y  t he  mi xt ure  of  a p o s i t i v e l y  charged 
pr o t e i n  and n a t i v e  BSA i n t e r a c t e d  t o  g i v e  i mpr o v e d  f o a mi ng  
p r o p e r t i e s .  The r a t i o  o f  ami no  g r o u p s  t o  a c i d  g r o u p s  
appeared t o  be i m p o r t a n t  f o r  f u n c t i o n a l  p r o p e r t i e s  
e s p e c i a l l y  f or  f oami ng.  The f u n c t i o n a l  groups and mol e c ul ar  
p r o p e r t i e s  whi c h  a r e  c o n s i d e r e d  t o  be  i m p o r t a n t  f o r  each  
f u n c t i o n a l  propert y  are d i s c u s s e d  s e p a r a t e l y  bel ow.
Whipping p r o p e r t i e s
Bl ocki ng o f  t h e  ami no  g r o ups  by s u c c i n y l a t i o n  or  
t h i o l a t i o n  r e s u l t e d  i n  i n f e r i o r  f o a mi n g  p r o p e r t i e s  and 
n e i t h e r  of  t h e s e  p r o t e i n s  i n t e r a c t e d  wi t h  n a t i v e  BSA or a 
modi f i ed s a mp l e  wi t h  a h i g h  o v e r a l l  p o s i t i v e  c h a r g e .  In 
c o n t r a s t ,  i n c r e a s i n g  t h e  a v a i l a b i l i t y  of  ami no g r o ups  by 
a t t a c h i n g  l o n g  c h a i n s  o f  v a l i n e  r e s i d u e s  i n c r e a s e d  t h e  
foaming p r o p e r t i e s ,  but t he  at t achment  of l y s i n e  r e s i d u e s  to 
t he  carboxyl  groups onl y  i nc r e a s e d  the foami ng p r o p e r t i e s  i f  
a p a r t i a l  m o d i f i c a t i o n  was  us e d.  I f  t h e  number of  c a r b o x y l  
groups was suppl ement ed by mi xi ng t he  p o l y l y s y l  s ampl e  wi t h  
n a t i v e  BSA v a s t l y  i mp r o v e d  f o a mi n g  p r o p e r t i e s  r e s u l t e d  
(BSA/LYS2).  I t  s e e m s  l i k e l y  t h a t  t h e  a mi no  g r o u p s  
i n t e r a c t e d  wi t h carboxyl  groups  at the  i n t e r f a c e .  The r e f or e
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t he  a d d i t i o n  of  ami no g r o ups  at  t he  e x p e n s e  of  c a r b o x y l  
groups r e a c he d  a l i m i t  at  whi ch p o i n t  t h e r e  were  t oo f ew 
aci d groups  a v a i l a b l e  f o r  i n t e r a c t i o n .  Th i s  f a c t  may a l s o  
have a c c o u n t e d  f o r  t h e  d e c r e a s e d  f o a mi n g  p r o p e r t i e s  o f  t h e  
but y l a t e d  s a m p l e s  and t h o s e  w i t h  p u t r e s c e n e  a t t a c h e d .  
Mo d i f i c a t i o n s  which did not  change t he  number of  f r e e  amino 
groups ( c y s t e i n e  m o d i f i e d  and g u a n i d i n a t e d  BSA) showed  
unchanged wh i p p i n g  p r o p e r t i e s .  H y d r o p h o b i c i t y ,  whi ch i s  
i n f l ue nc e d  by t h e  p r e s e n c e  of  ami no g r o ups  may a l s o  have  
c o nt r i but e d  t o  t h e  wh i p p i n g  p r o p e r t i e s  o f  BSA as s a mp l e s  
wi t h a t t a c h e d  v a l i n e  r e s i d u e s  s h o w e d  good w h i p p i n g  
pr o p e r t i e s .  H o w e v e r ,  t h e  a s s o c i a t i o n s  b e t w e e n  
hydr ophobi c i t y  and whi ppi ng p r o p e r t i e s  was not as c o n s i s t e n t  
as t he  number of  f r e e  amino groups s i n c e  whi ppi ng p r o p e r t i e s  
of  sampl e  LYS1 were improved but t he  hyd r op ho bi c i ty val ues  
had decreas ed compared to t he  BSA c o nt r o l .
Emu l s i f i c a t i o n  p r o p e r t i e s
For a l l  m o d i f i c a t i o n s  t h e r e  was l i t t l e  i mprovement  in 
t he  e m u l s i f i c a t i o n  p r o p e r t i e s  over t h o s e  of  t he  n a t i v e  BSA 
sample.  T h i s  s u g g e s t s  t h a t  d i s r u p t i o n  o f  t h e  n a t i v e  
s t r u c t u r e  i s  d e t r i m e n t a l  t o  e m u l s i o n  f o r m a t i o n .  I t  may be  
t hat  t h e  n a t i v e  s t r u c t u r e  had t h e  h i g h e s t  d e g r e e  of  a l pha  
h e l i x  and t h a t  t h i s  f e a t u r e  i s  i mp o r t a n t .  Thi s  f i n d i n g  
seems u n l i k e l y  f rom t h e  s t u d i e s  of  Kato and Na ka i ,  ( 1980)  
who c o r r e l a t e d  hy dr o pho bi c i t y  wi t h e m u l s i f i c a t i o n  p r o p e r t i e s  
of  p r o t e i ns .  The i r  f i n d i n g s  show t hat  any unf o l d i ng  of  t he  
t e r t i a r y  s t r u c t u r e  t o e x p o s e  t h e  h y d r o p h o b i c  c e n t r e  o f  t h e  
mol e c ul e  i mproves  e m u l s i f i c a t i o n .  However,  t he  n a t i v e  BSA
mol e c ul e  has  a hi gh e x t e r n a l  h y d r o p h o b i c i t y  compared t o  
ot her  p r o t e i n s  and t h i s  f a c t o r  may be t h e  r e a s o n  t h a t  
c h em i c al m o d i f i c a t i o n s  r e s u l t  i n  p o o r  e m u l s i f i c a t i o n  
propert  i e s .
Ge l a t i o n  p r o p e r t i e s
The b l o c k i n g  o f  ami no gr oups  by s u c c i n y l a t i o n  or
t h i o l a t i o n  p r e v e n t e d  t h e  g e l a t i o n  of  BSA. G u a n i d i n a t i o n  
convert ed ami no g r o ups  t o  g u a n i d i n o  g r o u p s ,  and v a l i n e  
at tachment  v i a  t he  amino group,  r e s u l t e d  in no net  change in 
t he  number of  ami no  g r o u p s  but  t h e  l o n g  c h a i n s  a t t a c h e d  
i nc r e as e d  t h e i r  a v a i l a b i l t y  and i m p r o v e d  t h e  g e l l i n g  
p r o p e r t i e s  c ompared t o  u l t r a f i l t e r e d  BSA. S i m i l a r l y ,  as 
shown wi t h  t h e  f o a mi n g  r e s u l t s ,  t h e  EDC m o d i f i e d  s a mp l e s
which we r e  o n l y  p a r t i a l l y  m o d i f i e d  had i mpr o v e d  g e l l i n g
p r o p e r t i e s  whereas  t he  e x t e n s i v e l y  modi f i e d  s ampl es  did not  
ge l .  The i n t e r a c t i o n s  bet ween a v a i l a b l e  amino and carboxyl  
groups agai n seem to be a p o s s i b l e  e xp l anat i on .  However,  t he  
mol e c ul ar  a s s o c i a t i o n s  w h i c h  l e d  t o  g e l l i n g  may be
i n f l u e n c e d  by o v e r a l l  p r o t e i n  c h a r g e  t o  a g r e a t e r  e x t e n t  
than i n f o am i n g ,  s i n c e  t h e  m i x t u r e  o f  t h e  e x t e n s i v e l y  
t h i o l a t e d  s a mp l e  and t h e  p o s i t i v e l y  c ha r g e d  LYS s a mp l e  
g e l l e d  whereas  t he  mi x t ur e  of  THI 1 and BSA did not ge l .
I nc r e a s i ng  t he  f r e e  s ul phydryl  groups by t h i o l a t i o n  did 
not r e s u l t  i n s u l p h y d r y 1 / di  s u l p h i d e  i n t e r c h a n g e  r e a c t i o n s  
c o n f e r r i n g  good g e l a t i o n  p r o p e r t i e s .
The g e l l i n g  p r o p e r t i e s  of  p r o t e i n s  we r e  a l s o  a l t e r e d  
by t h e  i n t r o d u c t i o n  o f  a c i d  g r o u p s ,  and i n t h e  p r e s e n c e  o f  
cal c i um i ons ,  a s t rong gel  was produced.  Thi s  mechanism of  
g e l l i n g  i n v o l v i n g  c a l c i um br i dge s  bet ween two aci d groups ,
can t h e r e f o r e  be i n d u c e d ,  a l t h o u g h  i t  i s  not  t h e  normal  
method of  pr o t e i n  g e l a t i o n  in the absence of  d i v a l e n t  i ons .
Thi s  s t udy  l o o k e d  b r i e f l y  at  a range  of  m o d i f i c a t i o n s  
wi th a l i m i t e d  number o f  t e s t s  t o  e x a mi ne  t h e  p o t e n t i a l  of  
us i ng s p e c i f i c  chemi cal  mo d i f i c a t i o n s  to exami ne s t r u c t u r e -  
f u n c t i o n  r e l a t i o n s h i p s .  Thi s  method o f  a n a l y s i s  proved  
use f ul  i n  t h e  e v a l u a t i o n  of  c e r t a i n  s t r u c t u r e - f u n c t i o n  
r e l a t i o n s h i p s  but  i n  o r d e r  t o  e l u c i d a t e  t h e  p r e c i s e  
mechanisms i n v o l v e d ,  t h e  i n f o r m a t i o n  o b t a i n e d  f rom o t h e r  
methods o f  e v a l u a t i o n  w i l l  be r e q u i r e d .  In p a r t i c u l a r  
r e c e nt  advances  i n p r o t e i n  e ng i ne e r i ng  v i a  mol e c u l ar  b i o l o g y  
and pl ant  breedi ng programs shoul d a l l ow t he  product i on of  
p r o t e i ns  wi t h novel  f u n c t i o n a l  p r o p e r t i e s  and t h e r e f o r e  w i l l  
a l l ow t he  t a c k l i n g  of  t h i s  compl ex problem from a d i f f e r e n t  
angl e.  In a d d i t i o n ,  t h e  use of  computer mode l l i ng  packages ,  
which at  t h e  p r e s e n t  t i m e  a r e  not  p o we r f u l  enough t o  c o pe  
wi th mo l e c u l e s  as vas t  as most  f unc t i o na l  p r o t e i n s ,  w i l l  in 
t i me be a b l e  t o  r e v e a l  t h e  s t r u c t u r e  i n  a r a n g e  o f  
c o n d i t i o n s .  Computer mo d e l l i n g  may,  in t he  f u t u r e ,  be abl e  
to p r e d i c t  t h e  s t r u c t u r a l  c h a n g e s  t h a t  o c c u r  d u r i n g  
p r o c e s s e s  such as w h i p p i n g ,  g e l l i n g  and emu 1 s i f i c a t i o n  and 
so w i l l  make v i s i b l e  t h e  c h a n g e s  i n p r o t e i n  c o n f o r m a t i o n  
t ha t  at  t he  pres ent  t i me  are mere hy po t he s i s .
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